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HAIL EVALUATION TECHNIQUES 
INTRODUCTION 
The p r i n c i p a l goal of t h i s p r o j e c t was to provide a v a r i e t y of da ta and 
information needed for the proper eva lua t ion of any future h a i l suppress ion 
p r o j e c t s in I l l i n o i s . Cer ta in ly the da ta and r e s u l t s a l s o have value in sugges t ing 
the proper designs of h a i l suppression p r o j e c t s as we l l as providing a wide 
range of b a s i c information on h a i l . The f indings w i l l be d i r e c t l y app l i cab l e 
to o ther midwestern areas of s i m i l a r h a i l c l i m a t e , and c e r t a i n po r t ions w i l l be 
useful f i r s t approximations for use in o the r areas with d i f f e r e n t h a i l c l i m a t e s . 
This f i n a l r e p o r t covers the p r i n c i p a l research a c t i v i t i e s and s e l e c t e d r e s u l t s 
obtained during the per iod 1 June 1966 through 31 January 1969, the dura t ion 
of the Hai l Evaluat ion Techniques P r o j e c t , NSF GA-482. 
The resea rch e f f o r t cons i s ted of t h r e e i n t e r r e l a t e d s t u d i e s inc lud ing 
1) a c l i m a t o l o g i c a l i n v e s t i g a t i o n of h i s t o r i c a l h a i l da ta to provide knowledge 
on p r o j e c t s t a t i s t i c a l des igns , data e v a l u a t i o n , and time requi red to prove' 
var ious l e v e l s of reduc t ions in h a i l ; 2 ) the c o l l e c t i o n of h ighly d e t a i l e d 
surface h a i l da ta unavai lable in h i s t o r i c a l format to gain knowledge of h a i l s t r e a k s 
and r e l a t e d r a i n f a l l , to eva lua te a r e a l sampling requi rements , to provide the 
data needed for the r a d a r - h a i l de tec t ion s t u d i e s , and to provide h a i r s t r e a k da ta 
for the c l i m a t o l o g i c a l s tudy; and 3) the s t udy , development, and eva lua t i on of 
new ins t ruments and techniques for b e t t e r or e a s i e r measurement of h a i l . 
The c l i m a t o l o g i c a l - s t a t i s t i c a l study was s u f f i c i e n t l y exhaust ive to warrant 
s p e c i a l a t t e n t i o n i n the f i n a l r e p o r t i n g o f t h i s p r o j e c t . Hence, i t s d e s c r i p t i o n 
and r e s u l t s are repor ted s epa ra t e ly as P a r t 2 of the f i n a l r e p o r t . Three types 
of h i s t o r i c a l h a i l data — the h a i l - d a y data of the U. S. Weather Bureau, the 
da i ly d o l l a r and acreage loss data from insurance r e c o r d s , and the i n d i v i d u a l 
h a i i s t r e a k a r e a l ex ten t and mean energy values from the dense networks — were 
grouped i n t o regions to match areas of l i k e l y exper imenta t ion . The da ta were 
then analyzed a s t o t h e i r n a t u r a l v a r i a b i l i t y , var ious s t a t i s t i c a l d i s t r i b u t i o n s , 
and time r equ i r ed to prove var ious l e v e l s of h a i l reduct ion (5 to 80%) for 
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various types of potent ia l designs (random daily seed in one area, continuous 
seed on a l l potent ia l h a i l days in one area, random crossover seeding between 
two areas , e t c ) . An example of the type of resu l t s is shown in Table 1. 
The interes ted reader is encouraged to examine Part 2 of the f inal report 
(Schickedanz et a l . , 1969). 
Table 1. Time required to prove a 40% decrease in various ha i l 
conditions for areas in eas t -cent ra l I l l i n o i s . 
aAt alpha level of 0.05 
Part 1 of the f inal report deals primarily with the second and th i rd 
studies of the project , and the f i r s t three sections of th is report elaborate 
on these s tudies . The surface ha i l studies involved the in s t a l l a t ion and 
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development of s ix data networks, collection of ensuing data, and the 
subsequent analysis. 
The study of new techniques and instruments involved two areas of 
research. The f i r s t was a thorough evaluation of 3-cm wavelength radar as 
a possible means of detecting incipient hailstorms for operational treatment 
and as a means of measuring the occurrence and areal extent of surface h a i l . 
The second area concerned the development and evaluation of new surface 
instruments for remote measurements of h a i l . 
Certainly a basic aim of the project was to educate personnel in these 
types of h a i l s tudies . Thus, the f i f th section of this report discusses 
personnel involved in the project a c t i v i t i e s . 
The sixth section l i s t s the sc i en t i f i c and technical publications from 
the research and the related information produced for public dissemination. 
Many of the more important research resu l t s are elaborated in these a r t i c l e s 
and are not repeated in th i s report . 
The f inal section of th i s report presents certain primary conclusions 
as they re la te to the design of an optimum future experiment, and also presents 
recommendations for future research. To this end resul ts obtained during the 
project have already led to two subsequent research proposals, both of which 
were funded by the National Science Foundation (NSF GA-1520 and NSF GA-4618). 
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Figure 1. Illinois hail network (29 counties within 80 n. mi. 
range circle) and 2 smaller hail-rain networks 
operated in 1967. 
-5-
SURFACE HAIL STUDIES 
The desired and meaningful applications of surface h a i l data required 
very detai led data on ha i l occurrence (as well as no-hail occurrence) l i s t i n g 
hailstone s i zes , times ha i l began and ended, and number of stones per unit 
area. Additional data on the time and amount of associated ra in fa l l and on 
other conditions such as wind and lightning with h a i l also were sought. These 
surface data were used in obtaining point h a i l f a l l s t a t i s t i c s for radar 
applicat ions, in basic climatological s tudies , and in describing hai ls t reaks 
(areas of continuous ha i l in time and space) for input in to the study involving 
ha i l project design and evaluation to represent data for single or paired storm 
designs. The hai ls t reak information also was used in establishing the 
time-space re la t ions between ha i l f a l l s and the i r associated rain c e l l s . 
Data Sources and Analysis 
The s t a r t i ng date of th i s grant (1 June 1966) was too la te in the I l l i n o i s 
ha i l season to allow for the ins ta l l a t ion of h a i l networks in 1966. Thus, the 
f i r s t season of major data collection became 1967, and four networks were 
established for operation in the April-October period of 1967 (Table 2). The 
largest network, comprising 29 I l l i n o i s counties (31% of I l l i n o i s ) , consisted 
of 1325 cooperative ha i l observers (Fig. 1) . The detai led individual crop-loss 
reports from a l l crop-hail insurance companies in th i s area of I l l i n o i s 
supplemented th i s network, as well as a l l other networks operated in 1967-1968. 
The second network, which was within the large I l l i n o i s Network (Fig. 1 ) , 
was the East Central I l l i n o i s Network, and it contained 49 recording raingage-
hailpad s i t e s plus 86 cooperative observers (Fig. 2) . The Kankakee Network 
(Fig. 1) contained 16 recording raingages and 17 observers. All of the recording 
raingages in both networks were modified so as to record time of h a i l (Changnon, 
1966), and the hailpads were 1-ft2, 1-inch thick styrofoam pads wrapped in 
aluminum foi l (see Fig. 24a). The fourth network was the Airport Micronetwork 
which was operated in 1967 and 1968. It consisted of s ix ha i l s too l s i t e s 
(see Fig. 24b) dis t r ibuted in a 0.1-mi2 area at the radar s i t e (Fig. 1) . 
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Figure 2. East Central Illinois hail-rain network of 1967. 
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Table 2. Hail networks operated in 1967-1968. 
Does not include insurance data, which were available on a l l dates with damaging 
h a i l , and that secured from f ie ld surveys. 
Analysis of the 1967 data indicated the need for more detailed data over 
a larger area. The ins ta l l a t ion of a larger dense recording raingage by the 
I l l i n o i s State Water Survey in the spring of 1968 led to the establishment of 
the Central I l l i n o i s Network ( ra in-ha i l ) and the Dense Network (hailpad) 
within it (Fig. 3). In the Central I l l i no i s Network there were 196 recording 
raingages with hailpads at 100 of these , 96 more hailpad s i t e s making up the 
Dense Network, and 261 cooperative h a i l observers. An additional 182 observers 
were enl is ted in the areas 1 to 30 miles upwind (SW, W, and NW) of the network. 
The Dense Network with i t s 96 hailpad s i t e s also encompassed 12 of the 
raingage-hailpad s i t e s for very detailed areal measurements of h a i l . The 
raingages and hailpads in the networks were serviced ent i re ly by project 
personnel, the observers were unpaid volunteers, and the insurance companies 
supplied the i r loss data at no cost. 
The paid loss forms received from the insurance companies were adjustor 
worksheets that ident if ied date of loss , points of loss within individual f i e l d s , 
amount of loss (percent) at each point , and crop type. Further data on several 
of the more damaging storms were obtained by f ie ld teams sent to survey crop 
damage and to interview persons in the storm area. Information about h a i l time 
and the size of h a i l were secured where possible. 
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Figure 3. Central Illinois hail-rain network and dense hailpad network in 1968. 
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The pr incipal types of data secured from the cooperative observers 
included hailstone size (maximum and average), time of begin and end of h a i l , 
number of stones per square foot, and stone types. The 1-ft2 hailpads 
furnished data on the number of s tones, s i ze s , and energy of the h a i l f a l l . 
Many of these hailpads were located next to a modified recording raingage so 
that the time of h a i l and i t s duration were obtained. 
During the 1967 season 1197 cooperative observer reports of h a i l or 
no-hail were obtained, with 431 secured by telephone cal ls and the r e s t on 
reporting cards. In 1967, f ie ld surveys made 182 point measurements of h a i l , 
and the insurance companies provided 2205 reports of individual paid crop 
losses from h a i l showing the exact f i e ld , crop, and percent of loss . In a l l , 
259 point ha i l occurrences were established from the 49 raingage-hailpad s i t e s 
in the East Central I l l i n o i s Network. 
The 1968 network operations brought 531 observer reports (including 218 
no-hail occurrences on cards or as answers to telephone c a l l s ) , 223 insurance 
loss repor ts , 527 raingage-hailpad indicated h a i l occurrences, and 103 hailpad 
(Dense Network) daily h a i l occurrences. 
After col lect ion, the individual point reports from a l l sources were 
entered on IBM cards for use in the various climatic and radar analyses. Their 
positions with respect to the radar were entered in the cards. The incoming 
reports also were plot ted immediately on a 'storm-day' base map. The developing 
pattern then was used 1) in deciding where and when to send f ie ld teams to 
survey and to change raingage charts and hailpad covers, and 2) in deciding 
which non-reporting observers to ca l l for ver i f ica t ion. The knowledge of no-hai l 
occurrences was as valuable as the knowledge of when and where it had hai led. 
Hailstreaks 
An example of the type of ha i l s t reak-ra in ce l l analysis performed on each 
of the 434 hai ls t reaks that occurred in the East Central Network in 1967 and in 
the Central I l l i n o i s Network in 196 8 appears in Fig. 4. Such mesoscale 
representations allow heretofore unavailable analysis and information on the 
ra in-ha i l re la t ions such as the placement of h a i l with regard to the rain c e l l ' s 
stage and core. Each hai ls t reak was further analyzed as to mean and extreme 
values of energy (based on hailpads within the s t r eak ) , number of stones per 
square foot, maximum and average stone s i zes , and point h a i l f a l l duration. 
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Figure 4. Examples of 5 of the 18 rain cells and associated hails treaks 
in the Central Illinois Network on 23 September 1968. 
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The speed and direction of motion, areal extent , duration, length, width, 
production of windblown stones, and related synoptic weather types also were 
determined for each ha i l s t reak . The importance of no-hail reports within the 
rain areas (denoted by "X's") in delineating hai ls t reaks is revealed in Fig. 4. 
Figs. 5 and 6 are examples of the daily patterns of hai ls t reaks in the 
large I l l i n o i s Network and in the East Central I l l i n o i s Network of 1967. The 
most extensive ha i l day of 1967 occurred on 21 April (Fig. 5) with 205 
hai ls t reaks in a 10-hour period. The time analysis showed a series of 92 
streaks between 1200 and 1600 CST moving from the southwest, and these were 
produced by a i r mass thunderstorms ahead of a cold front . The remaining 112 
streaks moved from the west-southwest with the rapidly moving cold frontal 
thunderstorms. Hail f e l l over 1710 mi , almost 10% of the t o t a l network area. 
Figs. 6a-b depict the 12 hai ls t reaks inside the 400-mi2 ra in-ha i l network 
during 72 minutes on 28 May 1967. Hailpad values of hailstone frequencies, 
energy, and momentum per square foot also are shown in Figs. 6c, d, and e. 
These 12 hai ls t reak patterns are typical of those found on many ha i l days. 
These reveal the varying sizes and shapes of the s t reaks , the extreme variat ions 
in the point values of stones and energy, and the frequent overlappings of 
hai ls t reaks that occur within a short period of time. The two pa r t i a l l y 
overlapping hai ls t reaks near the center of the network (1631-1640 on Fig. 6a 
and 1640-1705 oh Fig. 6b) produced an energy value of 0.6296 f t - lb ft-2 at one 
raingage-hailpad s t a t ion . In ha i l suppression experiments designed for 
modification of single storms, th is tendency for overlapping streaks from 
different storms establ ishes a requirement for recording ha i l instruments 
rather than the non-recording hailpads or other similar instruments. 
Character is t ics . The areal extent and mean energy data for the 177 
hai ls t reaks that were defined by three or more point reports including at leas t 
two hailpads have been summarized in Table 3. S t a t i s t i c s for mean energy of 
hai ls t reaks defined in th i s manner are considered more meaningful than those 
from hai ls t reaks with only one or no hailpads and only one or two point observations, 
regardless of t he i r type. Examination of the d is t r ibut ion of the energy and 
area values on most days reveals a great amount of va r iab i l i ty in the hai ls t reaks 
produced in a small area under a given hail-producing weather condition. The 
exceptionally wide range in the hai ls t reak mean energy values, 0.0001 to 
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Figure 5. Hailstredks in 10-hour period on 21 April 1967. 
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Figure 6. Hailstreaks on 28 May 1967 in East Central Illinois Network. 
Table 3. Area and energy data for ha i l s t r eaks in I l l i n o i s dense networks. 
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12.6559 f t - lb f t - 2 , and the large number (119 out of the 126 values with less 
than 0.1000) of low energies reveal the tremendous skewness in the dis t r ibut ion 
of these values. The median size value of the 177 hai ls t reaks was 7.9 mi2 and 
the average was 15.9 mi2 , which ref lec ts the effect of the few very large 
ha i l s t r eaks . Similarly, the average hai ls t reak energy, which was 0.2247 
f t - l b f t - 2 , was considerably larger than the median value, 0.0061 f t - lb f t - 2 . 
The correlat ion coefficient between hai ls t reak energy and i t s area for the 126 
hai l s t reaks with both values was +0.26, indicating a very poor relat ionship 
between these two parameters. 
Further s t a t i s t i c s on the hai ls t reaks are presented in Table 4. These are 
based on a l l 273 hai ls t reaks in 196 7-196 8 that were defined by two or more 
points within the ra in -ha i l network boundaries. The median hai ls t reak values 
were 10 minutes for duration, 264 degrees for direction of motion, 30 mph for 
speed, 1.1 miles for maximum width, and 5.7 miles for length. Thus, the model 
ha i l s t reak represents a fast-moving, shor t - l ived, re la t ive ly small phenomenon. 
Spatial re la t ions between hai ls t reaks were determined for h a i l systems 
having two or more hai ls t reaks within 1 hour. Distances between the i r two 
nearest and two far thes t points of separation were determined for each pa i r of 
ha i l s t r eaks . The average of the shortest distances was 4.3 miles and that of 
the longest distances was 15.9 miles. 
Rainfall Relations. The time difference between point r a in -ha i l i n i t i a t i ons 
within each hai ls t reak (Table 4) were l i s t ed to determine the l eas t and greatest 
difference. The medians determined from these extremes were 0 minutes ( leas t 
difference) and 6 minutes (greatest difference). These indicate that there 
frequently are differences between the forward speed of the rain ce l l and that 
of i t s ha i l s t reak . 
The median value for the average point r a in fa l l s within the hai ls t reak was 
0.19 inch. The median of the maximum point values within the streaks was 0.25 
inch, and the median of the maximums in the associated rain ce l l was 0.53 inch. 
This difference indicates that the hai ls t reaks often do not occur in the 
heaviest rain area of t he i r rain c e l l s . 
The location of the hai ls t reaks within the rain ce l ls was c lass i f ied as 
being in the center, or isohyetal core, along i t s r ight flank, or along the le f t 
flank of the storm core. For instance, the hai ls t reak in ce l l 3 of Fig. 4 was 
-17-
Table 4. Hailstreak character is t ics and 
related rain data. 
Percent of 273 hailstreaks 
Duration of hails treaks, minutes 
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c l a s sed as being on the r i g h t f l a n k , whereas the s t r e a k s in c e l l s 2, 4, and 5 
were c l a s s i f i e d as being in the cen te r (core) of the storm. These p o s i t i o n a l 
da ta for 431 s t r e a k s i n d i c a t e d t h a t 39% of the s t r e a k s occurred in the c e n t e r , 
36% in the r i g h t f l ank , and 25% on the l e f t f lank . Thus, no g rea t preference 
for p o s i t i o n i n g with r e spec t to the s to rm ' s major axis is shown for the 
h a i l s t r e a k s . A study of 16 very damaging h a i l s t r e a k s revea led t h a t these 
h a i l s t r e a k s a l l occurred in the r a i n core or storm cente r (Changnon, 1968a). 
The loca t ion of the h a i l s t r e a k s wi th in the r a i n c e l l s was fu r the r c l a s s i f i e d 
according to s tage of development of the r a i n c e l l . The i s o h y e t a l p a t t e r n of 
each r a i n c e l l was used to determine i t s you th fu l , mature , and d i s s i p a t i o n 
s t a g e s , and in most cases the youthfu l s t age was c lassed as the f i r s t t h i r d of 
the i s o h y e t a l p a t t e r n , the mature as the middle t h i r d , and d i s s i p a t i o n as the 
l a s t t h i r d of the p a t t e r n . For example, the forward h a i l s t r e a k s in F ig . 4 
a s s o c i a t e d with c e l l s 2 and 5 were c l a s sed as being in the youthfu l s t age of 
these c e l l s , whereas the s t r e a k s with c e l l s 3 and 4 were c lassed as being in 
the mature s t a g e . The easternmost s t r e ak in c e l l 5 was c lassed as being in the 
d i s s i p a t i o n s t a g e . The 2-year t o t a l s showed t h a t 263 of the 426 h a i l s t r e a k s 
t h a t could be pos i t i oned as to r a i n c e l l s t age occurred in the mature s t a g e . 
There were 91 h a i l s t r e a k s (21%) in the youthfu l s t age and 72 s t r e a k s (17%) in 
the d i s s i p a t i o n s tages o f r a i n c e l l s . 
Table 5 contains a d d i t i o n a l da ta on t h e r a i n c e l l s t h a t produced the 259 
h a i l s t r e a k s in the Cent ra l I l l i n o i s Network during 196 8. There were 9 3 r a i n 
c e l l s and 52 of these produced only 1 h a i l s t r e a k . However, the o ther 41 c e l l s 
produced 2 or more s t r e a k s with a maximum of 25 h a i l s t r e a k s from one r a i n c e l l 
on 15 May 1968. Although the network was 40 by 40 miles (1600 m i 2 ) , only 21 
of the ha i l -p roduc ing r a i n c e l l s were e n t i r e l y contained (from development 
through d i s s i p a t i o n ) wi th in the network. The average length and average width 
of these 21 r a i n c e l l s were 16 .1 miles and 4 . 1 m i l e s , r e s p e c t i v e l y . Most of 
these were smal l uns tab le a i r mass thunderstorms as i l l u s t r a t e d by c e l l 3 on 
Fig . 4. A raingage network s u f f i c i e n t l y l a rge to t o t a l l y measure a g r e a t e r 
number of ha i l -p roduc ing r a i n c e l l s would have to be more than 40 miles in i t s 
e a s t -wes t dimension. Analysis of 358 r a i n c e l l s in the 20- by 70-mile Shawnee 
Raingage Network in southern I l l i n o i s sugges ts t h a t a network would need to be 
at l e a s t 60 miles in i t s long dimension to t o t a l l y measure 50% of the r a i n c e l l s 
wi th in i t . 
Table 5. Rain ce l l -ha i l s t reak re la t ions for 1968 in Central I l l i n o i s Network. 
One or more hai ls t reaks were on edge of network and were not assignable to specif ic rain c e l l s . 
Values of 9 or larger include 11 and 12 streaks on 5/15 AM, 22 and 25 streaks on 5/15 PM, 10 on 5/18, 
and 12 on 7/1 . 
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Data from a l l hai ls t reaks were used to calculate the average duration 
of rain at the raingages within each ha i l s t reak . The mean of these averages 
was 28.3 minutes and the median was only 18 minutes. Durations ranged from 
2 minutes in one streak to a high of 186 minutes. 
Synoptic Weather Conditions. Detailed synoptic weather analyses were 
performed for each of the 47 days with ha i l in the ra in -ha i l networks during 
1967-1968 to ascertain the types of synoptic weather conditions causing ha i l 
in I l l i n o i s . Frequently, several favorable factors interacted to produce h a i l , 
but to summarize these findings, the primary condition on each ha i l day was 
assigned. 
The resu l t s presented in Table 6 reveal that seven basic conditions were 
responsible for the 47 ha i l days. The frontal frequencies l i s t ed include ha i l 
from squal l l ines direct ly associated with these f ronts . Cold fronts led in 
the number of hail-producing systems, but a i r mass conditions led in the 
production of ha i l s t r eaks . Dividing the number of hai ls t reaks by the number 
of systems yields an average value per system, and these averages reveal that 
when ha i l was produced in unstable a i r masses, surface lows or troughs, or 
s tat ionary frontal conditions re la t ive ly large numbers of hai ls t reaks occurred. 
Relatively few hai ls t reaks were produced by the warm frontal ha i l systems 
which had l i t t l e cold a i r advection. 
Table 6. Synoptic weather conditions associated with ha i l 
systems and ha i l s t r eaks . 
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The various ha i l and rain parameters associated with each of the synoptic 
classes were determined. Notable resul ts included: 1) durations, s i z e s , and 
mean energy of a i r mass hai ls t reaks were notably greater than those with other 
classes; 2) ra in and h a i l i n i t i a t i ons were nearly always simultaneous with 
stat ionary and warm fronts , but quite widely separated with a i r mass cases; 
3) development of hai ls t reaks in the mature stages of rain cel ls and in t he i r 
r ight flanks was most frequent with the s tat ionary and warm frontal conditions; 
4) average r a in f a l l in hai ls t reaks was leas t with lows and stat ionary fronts 
and greatest with a i r mass; and 5) a i r mass hai ls t reaks produced the larges t 
stones and the lows the smallest . 
Point Hai l fa l l Characteris t ics 
The point data from the raingage-hailpad s i t e s in the ra in -ha i l networks 
were used along with selected data from the cooperative ha i l observers and 
insurance loss forms in a ser ies of studies of point h a i l f a l l charac te r i s t i c s . 
These studies included analyses of time of h a i l , duration of h a i l , s izes of 
ha i l s tones , point frequencies of a l l h a i l f a l l s and of only damaging h a i l f a l l s . 
Data from the Airport Micronetwork (Table 2) were used in examining short 
distance variat ions in point stone frequencies and the angles of f a l l of 
ha i l s tones . 
Frequencies. The ra in-ha i l networks (East Central I l l i no i s in 1967 and 
Central I l l i n o i s in 196 8) provided data tha t could be used to develop accurate 
point frequencies. A h a i l f a l l occurrence was counted when a period of h a i l 
was separated from another by 30 minutes or more. 
The pat tern based on the April-September 1967 point frequencies (Fig. 7a) 
reveals considerable areal var iat ion. In the central portion of th i s network, 
point values varied from a high of 14 to a low of 3 across a distance of only 
3.5 miles. Such point- to-point va r iab i l i ty greatly adds to the problems of 
verifying the resu l t s of ha i l suppression experiments. The areas with crop-hail 
losses in the 6-month period are shown in Fig. 7. This pat tern shows l i t t l e 
resemblance to that for t o t a l ha i l f a l l s indicating that very few h a i l f a l l s in 
1967 led to crop damages. Only one area on the south edge of the network 
experienced two damaging h a i l occurrences. Fig. 8a is the pat tern based on 
Figure 7. Hailfalls in East Central Illinois Network during 
April-September 1967. 
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Figure 8. Patterns of point hail occurrences in 1968. 
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point h a i l f a l l frequencies in 1968. Again notable va r iab i l i ty is present with 
a high of 10 ha i l f a l l s and a low of none at several points . 
The extreme var iab i l i ty of h a i l f a l l s on a smaller scale is reflected in 
Fig. 8b which is based on the 4-month data period from the Dense Network of 
108 hailpads in 100 m i 2 . Since time of ha i l cannot be derived from the hailpad 
data, the point frequencies for these points were expressed as the number of 
days with h a i l . It is l ike ly that several of the hailpads had 2 or more 
h a i l f a l l s on certain ha i l days. Nevertheless, short distance va r iab i l i ty is 
quite obvious, with point frequencies varying from 4 ha i l days to none across 
distances of 1 mile. Hail occurred somewhere in th i s network on 6 days. 
An example of the point- to-point va r i ab i l i ty in hail-produced losses to 
various crops on one day is portrayed in Fig. 9. These point percentages of loss 
are from individual farms scat tered throughout the 196 8 network that has 73% of 
i t s area insured. This example exemplifies the type of random pattern often 
found in loss data from a single day. The differences between crop types in 
suscep t ib i l i ty to ha i l damage (Changnon and Stout, 1967) are exemplified north 
of Clinton where several wheat crops were 100% losses , whereas an adjacent 
corn crop had only a 2% loss . The wheat was nearing maturity, whereas the 
corn plants had jus t emerged. 
Temporal Distr ibut ions. There were 359 point h a i l f a l l s in the 1967 
r a in -ha i l network with time of h a i l . These data were grouped in to 1-hour 
in tervals to construct the graph on Fig. 10a. This shows that 42% of the 
h a i l f a l l s occurred in the 4-hour period beginning at 1600 CDT, which is 
normally the major period of convective ac t iv i ty . The well-defined secondary 
peak at 0000 CDT was not shown in the diurnal d is t r ibut ion of the 1968 data 
(Fig. 10b). The 196 8 data came from 775 network repor t s , and the curve 
indicates a secondary peak at 1100 CDT, but the primary ha i l period of h a i l f a l l 
was from 1600 through 2100 CDT. In the nocturnal period of 2000 CDT to 0600 
CDT, 239 h a i l f a l l s or 21% of the t o t a l occurred. Ear l i e r studies of crop-damaging 
ha i l using insurance data revealed tha t 34% of a l l damaging h a i l in I l l i n o i s 
occurred in th i s 9-hour period (Huff and Changnon, 1959). This indicates 
that systems of ha i l suppression in I l l i n o i s must be capable of nocturnal 
(non-visual) operations to be completely ef fec t ive . 
Durations. Curves based on the average point durations of h a i l , as 
determined for each hour, also are depicted on Fig. 10b. The duration data 
Figure 9. Crop losses (percent) produced by 110 hailstreaks on 15 May 1968. 
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from the cooperative ha i l observers were analyzed separately from that 
determined from the recording hailgages since both se ts of data may contain 
b i a s . For instance, examination of the observer data from 1967 and 1968 
indicated a tendency for observers to report h a i l f a l l durations to the nearest 
5 minutes. Since most I l l i n o i s h a i l f a l l s are less than 5 minutes (Changnon, 
1967), th is tends to furnish overestimates in the average durations. 
Conversely, the ha i l indications on the recording raingage charts have been 
noted to be unresponsive to small (<0.25-inch diameter) ha i l s tones , and 
durations from these instruments may tend to be s l igh t underestimates. 
Consequently, curves were plot ted for the averages of each data s e t , but since 
no gage-indicated ha i l f a l l s occurred in the 0200-1000 period, there is a break 
and a 'no-data ' label on th is curve. 
Comparison of the curves reveals that the gage-indicated durations were 
less than the observer values in a l l but two hours (1400 and 2200 CDT). Both 
curves indicate the longest h a i l f a l l durations ip the hours ending at 1700 
and 1800 CDT, but the observer averages are 14-15 minutes and the gage averages 
are only 3 to 5 minutes. The gage - indicated averages exhibit much less 
temporal va r iab i l i ty than do the observer reported durations, but both data 
sets show that nocturnal ha i l f a l l s were markedly shorter than those in the 
daytime. 
Hailstone Sizes. The frequency of hai ls tone sizes reported by I l l i n o i s 
cooperative observers has been studied (Changnon, 1965a). These data are more 
questionable than the size data that can be determined from the hailpads. 
Hence, a l l 748 hailpad samplings of ha i l in 1967 and 1968 were analyzed (Table 7) 
for various expressions of hai ls tone s i ze . There were 96,614 stones measured 
in th i s 2-year period. The maximum size was 2.56 inches in diameter, but 
only 152 stones, or 0.2% of the t o t a l , had diameters greater than 1 inch. The 
percentages of stone sizes in Table 7 indicate a much greater frequency of very 
small, 1/8-inch, stones than previously reported in Colorado, Alberta, or 
I l l i n o i s (Stout et a l . , 1959). However, the percentages for the maximum stone 
size per h a i l f a l l are comparable to those derived from observer reports 
(Changnon, 1967). The maximum numbers of stones per pad for the different 
sized stones were large , and 2% of the pads had 1000 stones or more. However, 
21% of the h a i l f a l l s produced only between 2 and 5 stones per pad. 
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a. Time of h a i l f a l l s in April-September 1967. 
b. Time of ha i l f a l l s and average point durations per hour determined from observer 
reports and from modified raingages in May-September 1968. 
Figure 10. Graphs of diurnal distribution of hail in 1967 and 1968. 
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Table 7. Frequency of hailstone sizes measured 
on hailpads in 196 7 and 196 8. 
Stone diameter (inches) 
Variabi l i ty across Short Distances. The very dense Airport Micronetwork 
(Table 2) sampled a l l or par t of 8 hai ls t reaks in 1967 and 1968, and the point 
resu l t s for 6 of these streaks appear in Fig. 11. This very dense network with 
6 stools in a 200- by 1200-foot area sampled only a fraction of the t o t a l 
hai ls t reaks tha t affected them, and in the 18 September and 15 October cases 
the southern boundary of the hai ls t reaks apparently lay across the network 
with ha i l only at the northernmost ha i l s too l s t a t i ons . 
The ha i l s too ls (see Fig. 24) allow determination of azimuth and ve r t i ca l 
angles of any windblown hai ls tones . The 17 April case produced no windblown 
stones at any s i t e , but on 23 April a l l s i t e s had windblown stones. However, 
the primary azimuth and ver t i ca l angles shown varied considerably between the 
s i t e s . The large primary ver t i ca l angles found on the l a s t four dates (65 to 
80 degrees) indicate that motion of windblown stones is frequently nearly 
hor izontal . A nearby anemometer at an elevation 21 feet above the pads recorded 
gusts of 38 mph on 1 May, 35 mph on 11 May, 42 mph on 18 September, and 37 mph 
on 15 October. 
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Figure 11. Hailstone frequencies and angle and direction of hailfalls 
recorded on hails tools of micronetwork in hailstorms of 1967. 
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Rain with Hail . Because of the poss ib i l i ty that the amount of r a i n f a l l 
may be al tered when h a i l suppression is attempted, the t o t a l amount of point 
seasonal r a i n f a l l which occurred with the ha i l was invest igated. 
The percentage of the t o t a l warm season (April-September) r a in fa l l 
associated with hail-producing storm systems was determined for each raingage. 
As shown in Table 8, the rain that f e l l when h a i l actually occurred at 
raingages averaged 22% of the 1967 warm season t o t a l point r a in fa l l and 33% 
of that in 1968. The rain produced by rain systems that produced ha i l anywhere 
in the network averaged 38% of the 1967 t o t a l and 57% of the 1968 t o t a l . 
Table 8. Percentage of warm season r a in f a l l occurring 
with hail-producing systems. 
Areal Hai l fa l l Characterist ics 
Several of the areal character is t ics of the network ha i l and rain have 
been integrated in the previous sect ions . However, other analyses were made 
of the duration of h a i l in the network and of the numbers of hail-producing 
rain ce l ls at any one time. The specif ic periods with hai ls t reaks in the 
1600-mi2 network varied from 0.1 to 11.5 hours in length with an average 
duration of 2.4 hours. The average period of h a i l in the 400-mi2 was 1.1 
hours. The maximum number of hailstreak-producing rain cel ls exist ing at any 
given time was determined for the 19 ha i l days in the 1968 network. The 
median number was two ce l l s (at any given t ime) , the lowest was one, and the 
highest number was nine. 
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Sampling Requirements for Surface Hail Measurements 
One goal of the study of surface h a i l was to ascertain sampling 
requirements for accurate depiction of surface h a i l . This involved various 
considerations of scale requirements ranging from the size of the sensing 
area of ha i l instruments to the number of instruments per unit area needed 
to describe the areal extent of h a i l . The areal extent requirements under 
consideration ranged from those for individual hai ls t reaks to those for 
damaging h a i l within moderate to large areas. 
Sensing Area. Hail instruments used and under design for measuring 
hailstone sizes and energies imparted by h a i l f a l l s at a point have varying 
sizes of sensing surfaces. The potent ia l seriousness of the sampling problem 
of sensing area is ref lected in the fact that one large stone indentation 
(and large energy value) on one hailpad in South Dakota greatly affected the 
outcome of the hailstorm seeding efforts during Project Hailswath (Vickers 
and Goyer, 1966). The hailpads of 12 by 12 inches used in the I l l i n o i s study 
(see Fig. 24a) and the ha i l s too ls (see Fig. 24b) with 12-inch diameters had 
horizontal sensing areas of 144 and 113 in , respect ively. Hailpads that have 
been used in Colorado, Nebraska, North Dakota, and South Dakota are 6 by 6 
inches. The I l l i n o i s recording hailgage (see Fig. 26) had a sensing area of 
157 in 2 . To obtain an answer to the question of sampling errors involved in 
the sizes of sensing areas smaller than 144 i n 2 , the data from 90 hailpads 
chosen at random were analyzed for various sized portions of each pad. The 
stone-size d is t r ibut ion and mean energy for each hailpad were compared with 
the dis tr ibut ions and energies of each of the four 6- by 6-in2 making up the pad 
and for combinations of the four. The average and extreme errors in calculating 
energy from sensing areas of 36-, 72-, and 10 8-in2 are presented in Table 9. 
These are a l l based on comparison with values from 144-in2 areas and the assumption 
that th is area and i t s values are representative of the energy over much larger 
areas. The average difference, or error of est imate, for the 36-in2 area is 
quite large , 51%. As expected the e r ro r s , or differences, decreased with increased 
sensing areas. 
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Table 9. Comparison of energy measurements of various sized 
sensing areas with those from 144-in2 area. 
Difference calculated as: 
underestimates are thus limited to a maximum difference of 100%. 
Hailstreak Characterist ics and Extent. The effect of different densit ies 
of point observations on the measurement of h a i l f a l l charac ter is t ics within 
the streaks and on the measurement of the areal extent and shape of streaks is 
yet to be investigated. Data from the Micronetwork allows examination of 
point- to-point and point- to-area sampling errors in h a i l f a l l character is t ics 
for different densi t ies of s ta t ions in a 600- by 1200-foot area. Data from the 
Dense Network with 10 8 hailpads in 100 mi2 wi l l allow evaluation of the 
sampling errors in measuring h a i l f a l l character is t ics within hai ls t reaks and 
those involved in measuring hai ls t reak area. Unfortunately, operation of these 
networks has not yielded data sufficient to make such evaluations. Operations 
of both networks wi l l be continued in to 1969 in hopes of securing a sample size 
suff icient ly large to complete these analyses. 
Effect of Sampling Density on Extent of Damaging Hail . Two square-shaped 
areas in central I l l i n o i s , one comprising 4000 mi2 and the other 1000 mi2 
located inside the larger area, were chosen for th is study because the insurance 
l i a b i l i t y within them exceeded 85% of the t o t a l area over an 11-year period. 
Maps for each storm day were prepared showing the actual areas of paid losses 
using a l l the available insurance data which represented a sampling density of 
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4 location points per square mile. Transparent overlays at the same map scale 
with evenly dis t r ibuted points representing observation s i t e s with densi t ies of 
0 .5 , 1.0, 3.0, and 9.0 mi2 were placed on each damage map to determine the 
area of damage per storm day for each density. 
The average values for the areal extent of damaging ha i l on storm days 
also show a considerable variat ion with sampling density (Fig. 12). In the 
4000-mi2 area, 16,000 sampling points (36 points per 9 mi2) indicated that the 
average daily areal extent of damaging ha i l was 36.1 mi2 , whereas 445 points 
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(1 point per 9 mi ) measured only 6.3 mi2 of damaging h a i l . 
The seasonal average areal extents of damaging h a i l defined by different 
densit ies were expressed as percentages of the t o t a l damaged h a i l area, as 
defined by 4 points per mile, and these values appear in Table 10. On the 
average, a h a i l network with a density of 1 point per 9 mi2 in a 1000-mi2 area 
measures 11% of the actual area of damaging h a i l in a season. This density 
measured a 1-year high of 13% and a 1-year low of 8%. 
The values in Table 10 indicate the errors associated with different 
densit ies of point ha i l measurements. The resu l t s also indicate that a network 
comprised of 1 or 2 observation s i t e s per square mile is necessary to adequately 
measure the areal extent of damaging h a i l . 
Table 10. Percent of t o t a l area of damaging h a i l in two regions 
measured by different densi t ies of observation 
points during a crop season. 
Percent of damaged area for given number 
of mi2 per sampling point 
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NUMBER OF MEASUREMENT POINTS 
IN 9 SQUARE MILES OF AREA 
Figure 12. Average areal extent of damaging hail on a hailstorm 
day in Illinois based on different densities of 
sampling points in 1000- and 4000 mi2 areas. 
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RADAR-HAIL STUDIES 
The major monetary and man-power e f f o r t of t h i s p r o j e c t involved var ious 
s t u d i e s concerning t h e de t ec t ion of h a i l with r a d a r . I f r ada r accu ra t e ly can 
d e t e c t h a i l , i t has th ree major app l i ca t i ons i n h a i l suppress ion p r o j e c t s 
inc lud ing 1) d e l i n e a t i o n of the s p e c i f i c a reas where h a i l has f a l l e n , 2) d e t e c t i o n 
of storms and po r t i ons the reof t h a t conta in h a i l for seeding dec is ions , and 
3) d e f i n i t i o n of the change in h a i l a f t e r seed ing . The major goals of the 
r a d a r - h a i l r esearch were to examine the f i r s t two a p p l i c a t i o n s using the da ta 
from the var ious networks (Table 2) to i n d i c a t e whether h a i l occurred. S tudies 
r e l a t i n g to the t h i r d app l i ca t i on were pursued, bu t were r e s t r i c t e d to moni tor ing 
the behavior of ha i l - e choes from unseeded s to rms . 
Rada r -ha i l r esearch in I l l i n o i s had been conducted in the 1958-1962 pe r iod 
using a CPS-9 (3-cm wavelength) r adar system (Wilk, 1962). In g e n e r a l , t h i s 
research had shown t h a t ha i l -p roduc ing storms in I l l i n o i s have a high r e f l e c t i v i t y 
' n o s e ' a l o f t . One of the major analyses c a r r i e d out in the 1966-1969 h a i l 
research p r o j e c t , and one t h a t had no t been thoroughly pursued in the e a r l i e r 
h a i l s t u d y , was an examination of the r e f l e c t i v i t i e s of n o - h a i l echoes as w e l l 
as those of h a i l echoes . Another major a n a l y t i c a l d i f fe rence included a 
procedure of more ca re fu l ly choosing, in time and space , t he v e r t i c a l r e f l e c t i v i t y 
p r o f i l e d i r e c t l y r e l a t i n g to the h a i l i n c i d e n c e s . Many echo c h a r a c t e r i s t i c s , 
o the r than r e f l e c t i v i t y , a l so were i n v e s t i g a t e d for h a i l storms and n o - h a i l 
s torms. 
The r a d a r - h a i l research of t h i s p r o j e c t cons i s t ed of two phases , with 
each phase e s s e n t i a l l y centered around a s p e c i f i c r ada r system. One system 
involved the 3-cm wavelength CPS-9 operated in a s e q u e n t i a l g a i n - r e d u c t i o n , 
antenna t i l t mode to provide CAPPI ( cons tan t a l t i t u d e PPI) da t a . The o the r 
system involved the high-powered 3-cm TPS-10 (RHI p r e s e n t a t i o n ) operated in a 
s e c t o r - s c a n , ga in - reduc t ion mode to provide 3-dimensional echo da t a . These 
r ada r antennas and t h e bu i ld ing housing the o the r r ada r equipment are shown in 
F ig . 13 . Considerable renovat ion and modif ica t ion of these radar systems was 
r equ i r ed to prepare them for the types of opera t ions d e s i r e d , and t h i s work 
occupied the f i r s t 9 months of the p r o j e c t and the non-ha i l per iods of 
1967-196 8. The following d iscuss ion of the r a d a r - h a i l s t u d i e s is d ivided 
according to the two phases . 
-36-
Figure 13. Radar headquarters with (left to right) M-33, CPS-9, 
and TPS-10 radar antennas. 
-37 -
CPS-9 Research Phase 
The major radar-hai l studies in the 1967 ha i l season (April-September) 
involved the operations of the CPS-9 radar and the use of surface ha i l and 
no-hail data collected from the large 29-county I l l i n o i s Network and the East 
Central I l l i n o i s Network (Fig. 1 ) . The purposes of these operations and 
resul t ing data were to ascertain what percentages of a l l echoes (storms) with 
high r e f l e c t i v i t i e s at various heights were associated with ha i l and no-hai l 
occurrences at the surface, and to determine the relat ionship between areas 
of high r e f l ec t iv i ty (envelopes) at various heights and areas of surface 
ha i l s t r eaks . 
In preparation for th is operation the radar was renovated by the 
ins t a l l a t ion of a replacement antenna drive system and a new e lec t ronic control 
system to provide the automatic-sequential gain reduction and an tenna- t i l t 
operations desired for the echo-ref lect ivi ty analysis . 
Operational Procedure. In 1967 the CPS-9 was operated to col lect radar 
data for a l l potent ia l hailstorms occurring anywhere in I l l i no i s within the 
range between 20 and 80 naut ical miles from CMI, the radar s i t e (Fig. 1 ) . The 
operating hours during the April-September period were varied to follow the 
seasonal sh i f t in the diurnal period of maximum likelihood of h a i l as based on 
climatological records (Huff and Changnon, 1959). Operations were forecast 
by one of the four duty meteorologists using standard techniques of h a i l 
forecasting. Operations on a day of possible storms normally began in the 
morning (Table 11) and continued af ter sunset (when cooperative h a i l observer 
reports usually decreased in quali ty and quant i ty) , or for strong storms, 
un t i l af ter the storms s ta r ted to dissipate or exited from the network areas. 
This often extended operations u n t i l 2400 CDT. 
The choice of operational mode for the radar (which gain steps and antenna 
t i l t s ) was determined by the storm character is t ics at any given time. In 
general, the radar was operated to cover only the r e f l e c t i v i t i e s of the most 
intense parts of the storm, and the 'design' minimum re f l ec t iv i ty was about 
Ze = 104 mm6/m3. Echo-height-reflectivity data always were collected to include 
those echoes within the 15,000- to 30,000-foot level and those at the 0-degree 
t i l t of the antenna. The maximum radar r e f l ec t iv i ty of the storms was considered 
the most important information, and a gain step sufficient to eliminate a l l 
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echoes was chosen in a l l operations. When storms were scat tered over too great 
a range in t e rva l , making the time to collect information greater than about 
9 minutes, data had to be sacr i f iced to reduce the complete gain-step and antenna 
t i l t time cycle. The choices of antenna t i l t s and gain steps were constantly 
changing as they depended upon the s i z e , in tens i ty , and location of the echoes. 
Table 11. Summary of CPS-9 radar operations in 1967. 
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Analysis of the surface h a i l data during the 196 7 season indicated that 
the hailstorms were often short- l ived (10 minutes or l e s s ) . This meant that 
the radar operational time cycle, or t o t a l sampling in terva l ( a l l desired 
t i l t angles and gain steps at each t i l t ) , had to be as short as poss ible , and 
' th is became the biggest problem of the 1967 radar operations. To reduce the 
time cycle, certain gain steps were ignored so that those frequently used 
were only the maximum sens i t iv i ty plus the 3 or 4 gain steps needed to cover 
the maximum re f l ec t iv i t i e s of the storms between 20 and 80 naut ica l miles. 
I n i t i a l l y , th is 'skipping' of gain steps was accomplished manually, but l a t e r 
it was done automatically using the programmable antenna t i l t , gain-step 
control system that was designed and b u i l t for this radar-hai l program. The 
average length of the CPS-9 time cycles was 9.8 minutes. A summary of the 
1967 CPS-9 operations is given in Table 11. 
Data. The CPS-9 radar became operational on 16 April 1967 and was 
operated on a l l potent ia l h a i l days u n t i l 30 September 1967. As shown in 
Table 11, the radar was operated on portions of 137 days in th i s 168-day 
period, and scope photographic data were collected on 128 days. The longest 
period with radar operations on every day was 41 days, and the longest period 
with no daily operations was 6 days. The average duration of radar operations 
per day was 7.2 hours. Hail during radar-camera operations occurred on 36 
days within the I l l i no i s Network and on 11 days in the East Central I l l i n o i s 
Network. Related scope photography consumed 12,000 feet of 35-mm film, and 
examples of the PPI photographs appear in Figs. 14, 15, and 16. 
Fig. 14 portrays the echo patterns for only two gain-step levels at four 
selected t i l t angles of a time cycle (1326-1335 CDT) on 21 April 1967. The 
widespread hai ls treak pattern for th is date is depicted in Fig. 5. The ser ies 
of 36 afternoon hai ls t reaks extending northeast from jus t south of Springfield 
to Kankakee (Fig. 5) were a l l produced by the 'super storm' labeled on Fig. 14. 
The mul t ice l lu lar nature of th is 15- by 15-mile storm echo is shown by the ser ies 
of four pictures for the reduced sens i t iv i ty of 24 db. A d i s t inc t ly different 
type of ha i l echo, but one that produced 0.75-inch diameter s tones , is labeled 
on Fig. 15. Hail echoes on th i s day with post cold-frontal storms were of 
extremely small s i ze , short duration, and low tops ( less than 18,000 f ee t ) . 
All known ha i l forecasting techniques fai led to forecast ha i l in th i s pa r t i cu la r 
Figure 14. CPS-9 scope photographs for given times (CDT), antenna 
tilts, and receiver sensitivities on 21 April 1967. 
Range rings every 20 n. mi. 
Figure 15. CPS-9 scape photographs for given times (CDT), antenna 
tilts, and receiver sensitivities on 8 May 1967. 
Range rings every 20 n. mi. 
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synoptic s i tua t ion . A th i rd example of typica l h a i l echoes is shown by a 
time cycle for 28 May 1967 (Fig. 16). This ra ther chaotic squall l ine produced 
widespread damaging ha i l (Fig. 6 ) . An example of an accumulation zone with a 
hail-producing storm is depicted at the 4-degree t i l t , reduced gain (26-db) 
photograph (27,000-foot l eve l ) . Certainly, the h a i l echo patterns from these 
three days reveal the variety of echo s i z e s , types, and organization found for 
I l l i n o i s hailstorms. 
Analytical Techniques. The PPI data for 2 8 storm days were reduced from 
film by tracing the echoes while the film was projected to match base maps of 
the networks. This normally involved t racing the echo outlines and centroids 
with various colors denoting the different radar receiver sens i t iv i ty se t t ings 
(gain s t eps ) . All consecutive gain-step outlines from a fixed antenna t i l t 
angle were traced onto a single base map. Thus, a base map was prepared for 
each t i l t angle. A cycle of data consisted of a se t of base maps for a l l t i l t 
angles employed in a time cycle. This basic approach of data t ranslat ion was 
adapted for large-scale ( I l l i n o i s Network) and small-scale (East Central I l l i n o i s 
Network) studies by choosing the appropriate magnification of the film. 
A second method of data reduction for 8 storm days was performed using an 
OSCAR Model F with projector that was joined to an IBM card punch. All 
s ignif icant points defining the echo contours were traced using the X-Y controls , 
and the resul t ing d i g i t a l posit ions were entered in punch cards. This form 
of analysis of echo data from 8 storms f i l l ed 92,000 punch cards with echo 
information. 
These 1967 echo data were used in ser ies of five studies with four 
oriented toward r e f l ec t iv i ty conditions at various a l t i tudes above the surface 
or in re la t ion to the freezing l eve l . In general , the format of the echo data 
(gain-step contours for each t i l t angle) was then t r ans la ted , e i ther by the 
computer or by tracings from the t i l t base maps, to constant a l t i tude (CAPPI) 
base maps. At the same time, the gain reduction contours were t rans la ted in to 
range-corrected r e f l ec t iv i ty values. Further analy t ica l techniques employed 
in the four r e f l ec t iv i ty studies were fashioned af ter the needs of the specif ic 
study. 
The one radar-ha i l study not oriented to a r e f l ec t i v i t y analysis was a 
climatological analysis of h a i l echoes and no-hail echoes. In th is study the 
centroid of the maximum re f l ec t i v i t y of each hail-producing echo was mapped and 
Figure 16. CPS-9 scope photographs for given times (CDT), antenna 
t i l t s , and receiver sensitivities on 28 May 1967. 
Range rings every 20 n. mi. 
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followed at the zero-degree t i l t level . This was done for a l l h a i l echoes 
that could be reasonably ident i f ied and tracked for at l ea s t 15 minutes, and 
resul ted in a sample of 103 h a i l echoes from 15 days. A l ike number of 
no-hail echoes were chosen at random from these same 15 days to provide the 
' con t ro l ' data. 
Results. The study of the capabili ty of echo r e f l ec t i v i t y areas to 
define surface h a i l areas (hai ls t reaks) was pursued using surface ha i l and 
radar data pertaining to the East Central I l l i no i s Network (Rinehart and 
Staggs, 1968). This dense network offered detailed data adequate to define 
the hai ls t reaks quite accurately. In the 1967 season there were 15 h a i l periods 
on 12 days in th is network during radar-camera operations. All echo-storms that 
moved across the network in these ha i l periods were analyzed to derive a ' t r ack ' 
for each equivalent radar r e f l ec t iv i ty factor (Ze) contour. The area of each 
of these tracks was compared with the associated hai ls t reak areas beneath them 
as shown in Fig. 17. In a l l , 61 tracks based on Ze ≥ 102 mm6/m3 were developed, 
and many of these contained two or more areas of higher r e f l e c t i v i t y . The 
resu l t s of t h i s study showed that areas of high r e f l e c t i v i t i e s at various 
levels did not correlate well with areas of surface h a i l . However, the r a t i o 
of the areas of r e f l ec t i v i t y at different values near the maximum re f l ec t iv i ty 
detected for the day did show a moderately good inverse correlat ion (-0.63) 
with the areal extent of h a i l . 
Another phase of th i s same dense network study consisted of determining 
the re f l ec t iv i ty values at a l l 2000-foot levels above the h a i l and no-hail 
reports in th i s network. Such an analyt ical approach was used in two of the 
other r e f l ec t iv i ty s tudies . This provided values showing the number of times 
an echo of a given r e f l ec t iv i ty occurred at various heights above ha i l or 
no-ha i l , but because the radar operation sampled the various heights and 
r e f l e c t i v i t i e s somewhat unequally, it was necessary to normalize the number 
of r e f l ec t iv i ty occurrences above ha i l and no-hail reports by the t o t a l 
opportunities of obtaining these values. This research showed that high 
r e f l e c t i v i t i e s (Ze ≥ 105 mm6/m3) often occurred somewhere above network 
h a i l f a l l s , but that there were 4.6 times more high r e f l ec t i v i t y values above 
no-hail repor ts . 
Figure 17. Track of Ze (mm6 m-3) at the surface across the East Central Illinois 
network and related hailstreak on 8 May 1967. 
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The second and th i rd studies pursued with the 1967 PPI data consisted 
of examining the r e f l e c t i v i t i e s above the ha i l and no-hail reports received 
from observers in the I l l i n o i s Network (Fig. 1 ) . Thunderstorm echoes that 
defini tely did not produce surface h a i l in t h e i r l ifetime showed r e f l ec t iv i ty 
prof i les and high values comparable with thunderstorms that produced ha i l 
(Rinehart, Staggs, and Changnon, 1968). The ve r t i ca l d is t r ibut ion of 
r e f l e c t i v i t i e s above h a i l r epor t s , expressed as a percent of the t o t a l number 
of r e f l e c t i v i t i e s sampled on five major hailstorm days in 1967, is shown in 
Fig. 18 normalized to the posit ion of the freezing l eve l . The primary zone 
is between 5000 and 22,000 feet above the freezing level and is bounded by Ze 
values of 105 and 106 mm6/m3. However, the maximum percentage in th i s zone is 
only 3%, indicating the generally poor relat ionship between high r e f l ec t iv i ty 
anywhere aloft and ha i l at the surface. 
The fourth and most relevant study of the re la t ion between r e f l ec t i v i t y 
and surface ha i l consisted of developing the r e f l ec t iv i ty envelopes of ent i re 
echoes at four levels including those at the freezing leve l , the level 5000 
feet below the freezing l eve l , and the levels 5000 and 10,000 feet above the 
freezing leve l . An example of such r e f l ec t iv i ty envelopes at the freezing 
level for five complete echoes on 18 July 1967 is shown in Fig. 19. The three 
h a i l (H) reports occurred within areas of Ze = 104 mm6 /m3, but many other 
no-hail repor t s , as indicated by the dots on Fig. 19, occurred in these 
envelopes of high r e f l ec t iv i ty at the freezing l eve l . This type of data for 
a l l echo envelopes, and employing the h a i l and no-hail repor t s , were used to 
construct Fig. 20. The number of h a i l reports with each r e f l ec t i v i t y and 
height level was expressed as a percent of the t o t a l number of ha i l and no-hail 
reports as discerned from the envelope pa t te rns . An increase in the percent 
of observers reporting h a i l with increasing r e f l ec t iv i ty is apparent, but as 
with the three other r e f l ec t iv i ty s tudies , the essent ia l ly uniform and low 
percentages below Ze = 1 0 6 . 5 mm6 /m3 indicates the diff icul ty of using r e f l ec t iv i ty 
as an indicator of surface h a i l . 
The f i f th study concerning the climatology of h a i l echoes and associated 
no-hail echoes is in progress. Echo charac ter i s t ics being investigated 
include areas of formation and d iss ipa t ion , echo duration, echo direction and 
speed of motion, echo turning, and echo height . 
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Figure 18. Percent of number of each E-Ze combinations associated with hail, 
from Ze's above hail reports, and referenced to freezing level. 
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Figure 19. Reflectivity envelopes at the freezing level for echoes on 18 July 1967. 
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Figure 20. Percent of given reflectivities occurring at various 
levels above hail observers that were associated with 
hail on 5 major hailstorm days in 1967. 
Figure 21. Heights of tops and bases of three RHI echoes in the same vicinity 
on 25 April 1954. 
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TPS-10 Research Phase 
Operations of a 3-cm wavelength RHI (TPS-10) radar in 1967 and 1968 and 
the resul t ing analyses make up the second phase of the radar-hai l s tudies . 
The primary purpose of the RHI (range-height-indicator) radar-hai l analyses 
was to discern any echo charac ter is t ics that could identify storms which 
produced surface h a i l . The RHI presentation allows more accurate 3-dimensional 
measurements of echoes than can be obtained from the CPS-9 CAPPI data. Among 
the character is t ics examined were the heights of f i r s t echoes, growth ra te of 
echo tops, echo volume and location for h igh- ref lec t iv i ty cores, maximum echo 
tops, and echo duration. These echo character is t ics also were compared with 
those from non-hail-producing storms. Project ac t iv i t i e s concerning th is radar 
and i t s data consisted of two phases. The f i r s t , which was an 8-month study 
that began in 1966, was a detai led examination and analysis of h i s t o r i ca l RHI 
film records from operations in the 1953-1965 period. Since th i s examination 
uncovered too few data cases, an operational and data collection phase for the 
TPS-10 had to be i n i t i a t e d in the summer of 1967. 
Study of Histor ical Data. Before th is radar was to he made operational , 
a major effort to discern RHI echo ha i l re la t ions was pursued using a l l past 
RHI film records available from operations in the 1953-1965 period. These film 
records were carefully scanned for dates when h a i l had occurred within range 
of the radar. These dates had to be ident i f ied from crop-hail insurance records 
and U. S. Weather Bureau h a i l records. Attempts were made to identify only 
echoes known to have been hail-producers with at tent ion given to obtaining 
t he i r ver t i ca l and horizontal measurements and shape at ha i l time and hopefully 
to gather data on the complete l i f e h i s to r ies of these storms. Only 33 
hail-echo cases that occurred on 15 days could be discerned from the 13 years 
of record. 
An example of some of the resu l t s from the analysis of 3 RHI echoes 
(1 hailstorm and 2 non-hailstorms) on 25 April 1954 is shown in Fig. 21. The 
echo (storm) that produced h a i l f i r s t appeared at a much higher a l t i tude than 
did two other storms in that area, and h a i l f e l l 16 minutes af ter the storm 
echo f i r s t appeared. All 3 echoes had approximately equal l i fe t imes , but the 
tops of the non-hailstorms exhibited less i n i t i a l growth than did the hailstorm 
echo. 
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A major drawback to these h i s to r i ca l RHI records was that no data were 
collected with receiver gain reductions which would allow study of the storm 
cores. As with other studies using th is type of data, effects of rain and 
range attenuation were considered in a qual i ta t ive fashion. This usually 
consisted of select ing echoes which were not at extreme ranges, and those 
that had no intervening echoes. From 1956 through 1963, there were only 
limited TPS-10 radar operations, and when operating, the TPS-10 was usually 
scanning in a complete c i r c l e , which required 3 minutes to complete. Thus, 
the frequency of radar observations of echoes of i n t e r e s t was seriously reduced. 
Photographs of the radar-hails torms, as depicted on the RHI scope, were traced 
and these were used to measure the echo dimensions and shape. Only 2 of the 
33 ha i l echoes could be traced for t he i r duration, and one appears on Fig. 21. 
Although l i f e h i s to r i e s could not be developed for 31 of the 33 h a i l 
echoes, character is t ics during the h a i l f a l l periods of each echo were available 
and these have been summarized (Table 12). The echo character is t ics of spring 
storms differed considerably from those of the summer (June-September), and 
thus echoes were separated on a seasonal bas i s . In general, the spring echoes 
at the time of ha i l production were smaller, both in the horizontal and ve r t i ca l 
dimensions, than the summer echoes. The maximum echo tops of summer storms also 
were much higher above the average echo top. Various features of the echo shapes 
also were invest igated. Only 5 of the 33 echoes were sloping, or indicating 
shear, and thus they were generally 'upright ' storms at h a i l times. One summer 
storm echo had a vau l t , and eight had notable ' f ingers ' hanging below the usual 
large echo volume in the 15,000- to 30,000-foot level and located adjacent to 
t he i r r a in -ha i l shaft . All but 2 of the 18 spring ha i l echoes were so l i t a ry 
echoes, and 15 had no anvi l . Ten of the summer echoes had horizontal dimensions 
larger than the average of the spring echoes. The configuration of the summer 
hail-echo storms was typif ied by 3 or more t u r r e t s , fingers below i t s large 
volume, and an anv i l , and thus it was notably more i r regular than the simple 
' tear-drop shape' of the spring echoes at time of h a i l . 
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Table 12. Characterist ics of RHI hail-echoes 
during 1954-1963. 
aAverage of the top of a l l echo tu r ren t s . 
bComputed by averaging the values along the profi le from the surface to 15,000 
feet of the widest (length) and narrowest (width) dimensions of the echo. 
Operations. To prepare for operations in 1967, the TPS-10 radar had to be 
reconditioned with a r ebu i l t antenna drive system, a new scope camera, and new 
e lec t ronic controls including gain-step controls . Failure to receive various 
components on schedule prevented placing the TPS-10 in operation un t i l 
September 1967. Analysis of the data collected from a September storm indicated 
a need for further modifications, and these were pursued in the March-August 
1968 period. The need to scan the individual storms more rapidly was indicated 
by the 1967 data (Staggs, 1968). A second RHI scope was added and gain 
reductions were accomplished by iso-echo contouring presentations on the dual 
scopes. These modifications plus sector-scan operations allowed a complete 
8-gain-step examination of a l l echoes in the 10- to 60-mile range area of the 
45-degree sector that enveloped the 1600-mi2 Central I l l i n o i s Network (Fig. 3) 
of 196 8. 
Table 13 reviews the operations of the TPS-10 in 1967 and 1968. These 
operations were concentrated largely in Septembers of 1967 and 1968 and required 
a radar operator separate from that operating the CPS-9. The CPS-9 was 
operated in 196 8 only as a search radar to guide TPS-10 operations since the 
TPS-10 does not have the 400-mile range of the CPS-9. The vast quantity of 
CPS-9 PPI data collected in the many h a i l days of 1967 was considered adequate 
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to perform a l l radar -ha i l r e f l ec t iv i ty studies desired for that radar. The 
TPS-10 and surface ha i l networks are being operated in the 1969 h a i l season to 
col lect more data. 
Table 13. Operations of the TPS-10 radar . 
Data and Analyses. The operations of th i s radar resul ted in the collect ion 
of data on 6400 feet of 16-mm film. The rapid acquisit ion of data (1 frame per 
second per scope) has produced a vast quantity of data and potent ia l information. 
The 1967 analysis consisted of t racing the RHI photographs and then developing 
a ser ies of constant-level map presentat ions. The most promising 1967 data were 
for 26 September when a ser ies of small hailstorms occurred in the East Central 
I l l i n o i s Network. To manually analyze the 62 minutes of associated RHI radar 
data over the 400 mi2 network on th is date required 0.5 man-year. 
The 1967 RHI radar-hai l research discovered rapid fluctuations in the 
inner echo behavior which indicated the need for more rapid acquisit ion of RHI 
data from a given storm. This led to further modifications of th is radar 
(dual scopes) and complete storm sampling in less than 2 minutes. 
An example of the resul t ing scope data is depicted in Fig. 22 which shows 
two sequences of echo photographs along the same general azimuth. During a 
clockwise sector scan, the two 1104 CDT photographs (one from each scope) were 
obtained at an azimuth of 324 degrees. One scope showed the 0-db (maximum 
sens i t iv i ty ) echo ou t l ine , and by contouring, the echo defined by a 16-db 
reduction (inner echo contour). At the same time (1104 CDT) the other scope 
presentation indicated the echo contours for the 18-db reduction in the receiver 
gain. The other upper row photograph at 1105 CDT depicts two other gain-step 
levels at the same azimuth, but taken as the antenna moved in i t s counter-clockwise 
Figure 22. Photographs of TPS-10 scopes on 23 September 1968. 
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sector scan. The photograph of the other scope, at th i s time, which was se t 
to depict the 30- and 38-db reductions, was not shown because no echoes were 
detected at these leve ls . The lower set of three photographs is the next 
sector scan sequence obtained at about the same azimuth. 
Consideration of the vast quantity of data which would resu l t from the 
dual scopes indicated the need to analyze these data semiautomatically by 
computer ra ther than manually. Funds available to computer analyze the 196 8 
and 1969 RHI data were to ta l ly insuff ic ient . Thus, a proposal for analyt ica l 
funds was submitted to the National Science Foundation, and these funds were 
granted (NSF GA-4618) in October 1968. Analysis of the 1968 dual-scope data 
for two September h a i l days is currently in progress as par t of t h i s grant. 
Further data collected in 1969 also wi l l be analyzed. 
Results. The careful and detai led analysis of the RHI-echo data for the 
26 September 196 7 h a i l case revealed that 1) the time cycle of 3 minutes to 
obtain a complete gain-step measurement of a hail-producing echo was too long 
to monitor adequately areas of high r e f l e c t i v i t y , 2) the different iat ion between 
the movement and genesis of high r e f l ec t iv i ty zones aloft was d i f f i cu l t , 
3) ha i l f a l l s occurred before the high re f l ec t iv i ty zones had become 'organized' 
with systematic motions, 4) the cross-sect ional area of both the low and high 
re f l ec t iv i ty echoes were greater during h a i l than before or a f te r , and 5) the 
high r e f l ec t iv i ty zones aloft showed considerable va r iab i l i ty in the i r height 
and space locations during short periods of time ( less than 3 minutes). 
This l a s t finding on va r iab i l i ty of high r e f l ec t iv i ty volumes, which often 
appeared to be present for 5 to 10 minutes and then not present 3 minutes l a t e r , 
is of considerable in t e re s t in resolving the problem of ha i l ident i f ica t ion 
a lof t . This poss ib i l i ty has considerable bearing on the val id i ty of the CPS-9 
re f lec t iv i ty resu l t s which were based on a time cycle of sampling once every 
10 minutes. Essent ial ly the question becomes, "Does the high r e f l ec t i v i t y 
zone aloft tha t is presumed to be ha i l and/or associated hydrometeors appear 
only for short time periods of 10 minutes or less?" To heip answer th i s 
question, an analysis using the available surface h a i l data and a ser ies of 
assumptions was performed to derive some approximations of the residence time 
of hailstones a lof t . The next section of the report describes th is analysis 
and the r e s u l t s . 
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Considerations for Radar Detection of Hail 
A 2-dimensional model was evolved from the I l l i n o i s h a i l data to 
approximate the average residence times of hailstones at various levels in 
the atmosphere. This model was based on the median values of s i z e , duration, 
and speed determined from the I l l i n o i s ha i l s t r eaks , on the median temporal 
d is t r ibut ions of stone sizes from a study of instantaneous h a i l areas (Changnon, 
1968a), and on a ser ies of assumptions. The model must be classed as a f i r s t 
approximation because data on updrafts, downdrafts, and other in-cloud 
charac ter i s t ics that affect stone growth, residence time, and f a l l speeds are 
unavailable for I l l i n o i s storms. 
The median hai ls t reak values showed the hai ls t reak model to be 5.7 miles 
long, to have a duration of 10 minutes, and to have a speed of 30 mph. The 
temporal s tone-dis t r ibut ion data for ha i l areas showed that the typical streak 
had 0.25-inch diameter stones throughout i t s duration with the larger (0 .5 -
through 1.0-inch) stones primarily during the 20- to 60-% period (second through 
sixth minutes) of the streak duration (Fig. 23). 
Because of the lack of data, several other storm conditions had to be 
assumed. The assumptions included: 1) the stone growth region was between 
15,000 and 25,000 feet ; 2) stones ranging from 0.25 to 1.0 inch are produced 
continuously in the growth region and these are homogeneously dis t r ibuted 
throughout the 10,000-foot thick growth region; 3) when the f i r s t hailstones 
begin fa l l ing from the bottom of the growth region, the i n i t i a l 1.0-inch stones 
melt suff ic ient ly to become 0.25-inch stones at the surface; 4) there are no 
updrafts or downdrafts affecting the stone f a l l ; and 5) the stones f a l l at a 
speed based on 
where V is the stone terminal velocity in m/sec, D is stone diameter in inches, 
and Ph is the pressure (mb) at height h. The values of h used were h = surface 
for the lowest 25% of f a l l d is tance, h = 25,000 feet for the highest 25%, and 
h = 12,500 feet for the middle 50% of the f a l l distance. Temperature effects 
on V were ignored since these produce less than 8.3% er ror in V. 
Figure 23. Two-dimensional model of typical Illinois hailstorm. 
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The graphical presentation of th is model (Fig. 23) shows that at T = -4.5 
minutes (where T is the time h a i l begins at the surface) , the 1.0-inch stones 
s t a r t fa l l ing from the bottom of the growth region at point a. As they f a l l 
they melt and cool the atmosphere, and they follow curve A which shows the 
changing stone diameters ending with 0.25-inch stones at the s t a r t of the ha i l 
at the surface. The 0.25-inch stones occurring at the end of the streak 
(curve C) s t a r t as .0.5-inch stones (point b) and melt less than those at the 
beginning of the hai ls t reak because the column of a i r in the hai lshaf t has been 
cooled during the h a i l f a l l period. Curve B is the f a l l prof i le of the l a s t 
1.0-inch stone as extrapolated upward with no appreciable melting from the 
point of t he i r l a s t appearance at the surface (T = +6 minutes). 
The surface parameters and the five assumptions indicate that the hailstone 
development and growth must take place for 5.6 minutes to yield a hai ls t reak 
with a 10-minute duration. Gravitational sort ing increases the h a i l f a l l period 
as does the ve r t i ca l extent of the growth region. Thus, th is model indicates 
that for a 10-minute hai ls t reak a period of continuous growth exis ts for 5.6 
minutes of th i s 10-minute period. 
One of two possible a l ternat ives to the assumption of a period of 
continuous growth would be to extend the h a i l growth region ver t i ca l ly and 
to allow it to collapse everywhere at the same time. This is unlikely as it 
would require a column of h a i l extending from 15,000 to about 60,000 feet 
with a f a l l time of 15 minutes for the smaller stones. 
The other a l ternat ive to the continuous growth period would be the 
occurrence of three or more pulses of ha i l from the growth region. The 
gravi ta t ional sort ing would convert the intermit tent production of h a i l a lof t 
into a continuous streak of ha i l at the surface. However, the surface h a i l 
d is t r ibut ion would show al ternat ing regions of small and large h a i l which is 
a condition observed in some hai ls t reaks but not in the model or average 
storm. This also would cause the r e f l ec t iv i ty from the growth region to 
display rapid changes, a condition noted in several of our TPS-10 radar 
observations (Staggs, 1968). The pulses indicated here would need to occur 
every 3 to 4 minutes at the same place in the cloud, and th is se t of 
circumstances is d i f f icu l t to accept. They could, though, ex i s t simultaneously 
at different stages of development, in different but adjacent regions of the 
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storm. Both al ternat ives are considered much more unlikely than the continuous 
growth assumption and growth within the 15,000- to 25,000-foot l eve l . 
The model does not depict the time required to grow the f i r s t hailstones 
of 1-inch diameter at point a (Fig. 23) because available data do not allow 
such a computation with any accuracy. Various invest igators have attempted to 
determine growth charac ter is t ics from various known and assumed cloud proper t ies . 
Kessler et a l . (1967) determined for t he i r assumed updraft and moisture conditions 
that it would take about 13 minutes to grow a 1-inch hai ls tone at point a on 
Fig. 23. Results by Srivastava and Atlas (1968), using another se t of assumed 
conditions, indicate a growth time of 31 minutes. I l l i n o i s studies of two radar 
hailstorms (Changnon and Stout , 1964; Changnon, 1965b) showed that h a i l 
developed and reached the ground in less than 12 minutes, making the h a i l 
growth period p r io r to point a (Fig. 15) about 7 minutes or l e s s . 
Thus, if these times to grow the f i r s t 1-inch stone at point a are added 
to the time derived for continuous production deduced from our surface data, 
the t o t a l active growth period should have a range from 12 to 37 minutes in the 
15,000- to 25,000-foot l eve l . 
This model explains reasonably well the median charac ter i s t ics of I l l i n o i s 
h a i l f a l l s observed at the surface. Some of the assumptions may not be too 
applicable to r ea l conditions, but they do approach those exis t ing in some 
storms. Some of the assumptions have l i t t l e effect on the r e s u l t s . The one 
most important conclusion is that the production of h a i l for more than about 
4 minutes at the ground requires a growth period during which hailstones are 
continuously generated and released. For the model I l l i n o i s ha i l s t r eak , th is 
period is approaching 6 minutes plus the time needed to grow the i n i t i a l stones 
at the 15,000-foot level . 
The question of the de tec tab i l i ty of th is hailstone region aloft by radar 
is not necessarily answered by these residence periods. The fact that a 12- to 
37-minute hai ls tone growth period exis ts does not mean that radar can detect 
them during th is ent i re period. The backscattering cross-sect ion, a, of a 
growing hailstone is a complex function of i t s diameter, shape, and water content. 
In general, Ơ increases rapidly as the stone grows to a diameter of about 0.5 
inch (for a 3.2-cm wavelength radar ) . Further growth may cause a to decrease 
or increase but the general trend of Ơ is upward. The radar r e f l ec t iv i ty of 
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many hailstones might well make ra ther rapid changes during the i n i t i a l growth 
period. Changes of 3 db in periods of a minute should not be uncommon. 
However, these might be cancelled by changes in nearby hailstones of somewhat 
different s i ze . Thus, the surface h a i l data and the assumed cloud and growth 
charac ter is t ics cannot necessari ly be used to determine the time dependence 
of r e f l e c t i v i t y . Certainly, the higher values of radar r e f l ec t iv i ty would 
ex is t only during the l a t t e r par ts of the growth period, and th is may p e r s i s t 
only 6 to 8 minutes. 
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STUDY OF SURFACE HAIL INSTRUMENTS 
The t h i r d major study a rea of the p r o j e c t concerned the development of 
non-recording and recording h a i l ins t ruments f o r i n s t a l l a t i o n in f i e l d networks 
where future h a i l modif ica t ion experiments w i l l be planned. The purpose was to 
develop one or more ins t ruments t h a t would measure each h a i l f a l l occurrence 
and furnish q u a n t i t a t i v e da ta on the h a i l c h a r a c t e r i s t i c s . Even in areas which 
are ex t ens ive ly p lan ted in insu red c rops , a h a i l - s e n s i n g ins t rument t h a t 
provides ob jec t ive reproduc ib le measurements of h a i l f a l l s would be b e t t e r than 
the c rop- loss measurements for eva lua t ing h a i l suppress ion r e s u l t s . The 
s u s c e p t i b i l i t y to damage of a l l crops changes considerably during the growth 
season (Changnon and S t o u t , 1967), and thus crops at any one time are only 
sub jec t ive measures of the e f f e c t s of a cont inuing h a i l suppress ion experiment . 
To proper ly design such i n s t r u m e n t s , p a s t h a i l da t a c o l l e c t e d from a 
s e r i e s of d e t a i l e d f i e l d s t u d i e s of I l l i n o i s ha i l s to rms were reviewed c a r e f u l l y . 
In a d d i t i o n , a ques t i onna i r e r e l a t i n g to needs for h a i l ins t ruments was 
p repa red , and answers were secured from s e v e r a l h a i l s c i e n t i s t s . From these 
answers and the study of t h e d e t a i l e d surface h a i l p a t t e r n s and p o i n t h a i l f a l l 
c h a r a c t e r i s t i c s , i t was concluded t h a t ha i lgages for h a i l modif ica t ion p r o j e c t s 
would need to provide a value for each h a i l f a l l t h a t would equate to crop 
and/or proper ty l o s s e s . 
This instrument s tudy included cons idera t ion ( fo r des ign , c o n s t r u c t i o n , 
and opera t ion) of pass ive non-recording h a i l ins t ruments and of record ing 
h a i l g a g e s . In t h e following s e c t i o n the r a t i o n a l e for the development of t h e 
design c r i t e r i a for these h a i l ins t ruments i s desc r ibed . Other subsequent 
s ec t i ons descr ibe the non-recording and recording ins t ruments developed during 
t h i s p r o j e c t and p resen t samples of t h e i r da t a . 
Background and Design C r i t e r i a 
At the beginning of the p r o j e c t , i t was recognized t h a t a s t r ong need 
e x i s t e d fo r ob jec t ive methods to measure surface h a i l f a l l s . Parameters should 
be measured which would r e l a t e to the e f f e c t s of the f a l l i n g h a i l on crops 
and o the r m a t e r i a l o b j e c t s . Recognized a l so was the need for information which 
could provide i n s i g h t i n t o the physics and dynamics of h a i l s t o r m s . 
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At the time this study began in 1966 the methods of obtaining information 
concerning h a i l f a l l included: 
1) Exposure of polystyrene pads covered with aluminum f o i l . 
2) Observation of time of occurrence of h a i l f a l l over a recording 
raingage network, accomplished by removal of the funnel from 
weighing-bucket type raingage (Changnon, 1966). 
3) Combination of methods 2 and 3 at given s i t e s . 
4) Volunteer h a i l observers reporting on post cards or by telephone. 
5) Collection of water from melted hailstones using a sieve or 
screening process to separate the fa l l ing hailstones from 
rainwater. 
6) Experimentally developed mechanical hailstone so r t e r s . 
7) Field surveys by trained personnel in an area where ha i l had 
occurred. 
As an aid in developing instrument design c r i t e r i a , the instrument-capability 
and ha i l -da ta requirements of persons engaged in h a i l research were sought. 
Pertinent to the instrument-capability requirement was consideration of the 
number needed per unit area and the areal arrangement they should have. 
In order to obtain answers to these questions from sc i en t i s t s concerned 
with ha i l research, a 7-page questionnaire was prepared and presented to 
par t ic ipants in Project Hailswath, held at the South Dakota School of Mining 
and Technology in June and July 1966. Questionnaires also were mailed to other 
sc i en t i s t s with a known in t e re s t in h a i l . 
Answers were received from 23 sc i en t i s t s and a l l indicated an in te res t 
in: 1) physics of hai ls torms, 2) climatology of h a i l , 3) modification of 
hailstorm cha rac t e r i s t i c s , and 4) winds associated with h a i l . A majority 
expressed in t e re s t in the economic losses from ha i l and e lec t r i f i ca t ion of 
hailstorms. A minority wished to obtain information about the radioact ivi ty 
of h a i l . 
Locations for the potent ia l use of hailgages included the Midwest, the 
northern Great P la ins , and central Alberta. Other information supplied is 
summarized in Table 14. 
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Table 14. Hailgage instrument-capability requirements 
as indicated by pol l of h a i l s c i e n t i s t s . 
Requirements and/or 
Information item specifications 
"Portable" used here has the same meaning as in the mi l i ta ry , where 
portable is used in connection with radar equipment. 
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The compilation of information was a valuable guide since it reflected 
the thinking of other h a i l s c i en t i s t s and gave some assurance that important 
considerations in the design of hailgaging instrumentation would not be 
overlooked. However, the research resul ts in I l l i n o i s exercised the most 
immediate controls on the development of h a i l sensing instruments. 
General objectives for I l l i n o i s instrumentation were tenta t ive ly established 
in the summer of 1966. It appeared that a grid of 300 to 900 s ta t ions spaced 
at 1- to 2-mile intervals would be desirable to provide a meaningful collection 
of data during one or more ha i l seasons. Research into various gage densit ies 
and associated sampling accuracies was begun and is s t i l l continuing. 
Hail-sensing instruments were to be 'por table ' but not mobile or truck mounted, 
although it appeared that truck mounting of one or two sets of experimental 
equipment would be desirable to improve chances of tes t ing such instruments. 
It was agreed that the number of s ta t ions needed, 300 to 900, limited the 
resources that could be spent on each. It was determined that a large number 
of s ta t ions should be established with certain minimum capab i l i t i e s , and that 
these should or could be supplemented by a few s ta t ions able to sense more of 
the parameters of i n t e r e s t . In other words, the concept of a network of many 
'simple' and a few ' sophis t ica ted ' s tat ions was developed, but subsequently 
was somewhat a l tered as more surface ha i l data were collected. 
Instrument Capabi l i t ies . It was believed that simple non-recording 
s ta t ions should be given some or a l l of the following capabi l i t ies within a 
budget of $10 to $50: 
1) Answer the question, "Did it h a i l here?" This is considered to 
be the minimum required information. 
2) Give number and sizes of stones s t r ik ing a known horizontal area. 
3) Provide for collection of water from hails tones tha t f e l l on a 
measured area. 
4) Give slope and azimuth of fa l l ing s tones. This provides an 
indication of f a l l veloci ty , d i rect ion, and associated winds. 
5) Give t o t a l momentum or impact energy of each h a i l f a l l . 
6) Possibly provide the time of i n i t i a t i o n of h a i l f a l l , i t s duration, 
and times and duration of succeeding h a i l f a l l s to nearest minute. 
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In addition to the capabilities in the above list, sophisticated stations, 
which would cost from $100 to $1000, could be equipped for the measurement of 
the following parameters: 
1) Size of hailstones and frequency distribution of the various 
sizes with times of fall of each. It is desired that measurements 
be initiated by stones of 1/4-inch diameter and larger, and that 
the stones be sized to the nearest 1/4-inch diameter. 
2) Collection and storage of hail with a record of the time of fall 
of the various portions of the sample. 
3) Fall velocity, energy, or momentum of each stone. 
4) Wind speed and direction during the passage of the hailstorm. 
5) Record of precipitation, time and rate of fall, associated with 
hailfall. 
6) Lightning counter. 
7) E lec t r i ca l charge on individual ha i l s tones . 
When faced with the many poss ib i l i t i e s offered, choices had to be made 
as to which should be given highest p r i o r i t y . These choices were determined, 
to some extent , by both technical f eas ib i l i t y and cost. Considerations of 
cost were generally avoided in the f i r s t review of parameters and available 
methods, but it would have been foolish to disregard such considerations 
ent i re ly when it appeared that several hundred s ta t ions must be equipped. 
Design of the hailgaging equipment was based on past observations of the 
nature of h a i l f a l l s . The following are examples of such observations available 
in 1966. 
1) Hai l fa l l durations are normally 1 to 10 minutes. 
2) Passage of a hail-producing system occasionally causes 2 or 3 
hailstorms to pass a single point in a 24-hour period. 
3) The maximum ra te of f a l l of hailstones on a square foot was 
believed to be 50 stones per minute. This is an average of 
1 stone every 1.2 seconds. 
4) Hail frequently is accompanied by other prec ip i ta t ion . 
5) Hail has a variety of shapes, and stone densit ies vary from 
0.7 to 0.9. For cal ibrat ion of instruments, some assumptions 
regarding shape and density had to be made. 
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Design Cr i te r ia . The assessment of known h a i l f a l l data, the various 
instrument capab i l i t i e s , and the needs for information led to a se t of design 
c r i t e r i a for the ' sophis t ica ted ' instrument that was considered capable of 
furnishing the most useful measurements of ha i l needed to evaluate ha i l 
suppression experiments. The design c r i t e r i a se t forth indicated that the 
sophist icated instrument would need to 1) record each h a i l f a l l occurrence to 
the nearest minute, 2) be able to record at least three separate h a i l f a l l s 
between servicing, 3) record each h a i l f a l l over a 10-minute period, 4) operate 
without a 110-volt, outside power source, 5) measure the t o t a l energy and/or 
momentum produced by each h a i l f a l l , 6) furnish a count of the number of 
ha i l s tones , 7) measure stones ranging from 1/4 inch to 3 inches in diameter, 
8) have a recovery time between hailstones of at leas t 1 second, and 9) be 
producible at a cost suff ic ient ly reasonable to allow t h e i r widespread 
in s t a l l a t ion in large h a i l study areas. It was also recognized that even more 
sophist icated ha i l instruments which would collect stones for analysis would 
be desirable for certain f ie ld studies of h a i l , but such instruments would be 
considerably more expensive. 
Discussions with crop experts , h a i l insurance adjustors , plus examination 
of crop-hail damage led to the conclusion that h a i l momentum, ra ther than 
energy, might be the more important factor in producing crop damage. Hence, a 
design of an instrument capable of measuring momentum was sought. 
The c r i t e r i a se t forth for the design of non-recording instruments 
included 1) a count of hailstones by 1/8-inch size c lasses , 2) an approximate 
measure of the t o t a l energy or momentum of h a i l f a l l ( s ) , and 3) a measure of primary 
v e r t i c a l and azimuth angles of windblown hai l s tones . 
Non-recording Hail Instruments 
Hailpad. The I l l i n o i s hailpad (Fig. 24a) is composed of a piece of 
polystyrene foam mater ial , 12 by 12 inches and 1-inch th ick , which is wrapped 
in common heavy-duty kitchen aluminum f o i l . It is ins ta l led in an 18-inch high 
angle-iron support which is inser ted 6 inches into the ground, leaving the pad 
sensing surface 12 inches above the ground. The pad is held in th i s support with 
coiled door springs looped around each corner of the pad and support. The 
hailpad was developed pr ior to th i s pro jec t , but the stand was a new development 
and an improvement over the bent-wire supports used in a previous h a i l project 
(Wilk, 1962). 
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Figure 26. Illinois ballistie-pendulum recording hailgage. 
- 6 8 -
This type of instrument is quite inexpensive (cost is less than $3.00) 
and allows estimations of two desired h a i l f a l l measurements, the s izes and 
numbers of ha i l s tones , and the impact energy. 
The I l l i n o i s hailpad is essent ia l ly l ike tha t developed in Colorado by 
Schleusener and Jennings (1960), and that by Decker and Calvin in Oregon 
(1961), but it has a larger sensing area and uses a l igh te r weight fo i l than 
that of Schleusener and Jennings. All three hailpads were developed 
independently in the 1958-1959 period, and have been employed since in several 
ha i l suppression and radar-hai l studies in the Great P la ins , Northwest and 
Midwest. 
The usefulness of the I l l i n o i s hailpad is increased if it is ins ta l l ed 
next to a recording raingage, since modification of the standard recording, 
weighing-bucket raingage allows it to record the time of ha i l occurrence 
(Changnon, 1966). A f ield ins t a l l a t ion combining the raingage and hailpad 
gives time of h a i l , i t s duration, stone sizes and frequency, energy, r a in f a l l 
with h a i l f a l l , and temporal placement of h a i l f a l l with respect to r a i n f a l l 
ra te and duration. 
An example of hail-dented fo i l s from two pads separated by 1 mile is 
shown in Fig. 24c. Hail tha t struck these pads came during a severe May 1968 
hailstorm in the Central I l l i n o i s Network. The fo i l on the l e f t had 630 stones 
ranging in size from 1/8 to 3/4 inch in diameter and an energy value of 
2.4756 f t - lb f t - 2 . The pad on the r igh t had 758 stones with sizes ranging 
from 1/8 to 2 inches in diameter and an energy value of 38.2210 f t - l b f t - 2 . 
The pa r t i a l l y wrinkled surface in the l e f t fo i l is a r e su l t of wind ef fec ts , 
and tears in the r ight fo i l are due to punctures by large or sharp-edged 
hai l s tones . 
Hails tool . A passive, non-recording ha i l instrument developed by th is 
project , and a d i s t inc t improvement over the hailpad, is shown in Fig. 24b. 
This ' h a i l s t o o l ' consists of 1) a 2-inch thick layer of polystyrene foam cut 
in a 12-inch diameter c i rc le and glued to a c i rcular piece of 1/4-inch-thick hard 
fiberboard (masonite), and 2) a polystyrene cylinder 12 inches long and 6 inches 
in diameter tha t is centered and glued to the base of the upper sensing platform. 
This lower sensing cylinder has a lengthwise hole of 1-inch diameter in which 
a 1-inch diameter supporting rod (such as conduit) is inser ted. This rod can 
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be easi ly attached to any type of fence post so that the s tool is above the 
post . Commercial heavy-duty kitchen aluminum fo i l is wrapped around the upper 
sensing platform (although portions of f o i l have been trimmed off the one 
shown in Fig. 24b) and around the lower cylinder. The gage number and north 
reference l ine are placed on the upper f o i l . Hailstone dents on the f o i l of 
the lower cylinder are encircled in black. The cost of this instrument, 
excluding a fence post , is about $10. 
This instrument senses a h a i l f a l l (stone number, stone s i z e s , and energy) 
on i t s upper horizontal platform exactly as does the hailpad. However, the 
large c i rcular top and smaller but longer c i rcular sensing area below allow 
measurement of the ve r t i ca l and azimuth angles of windblown hai l s tones . If 
stones f a l l ve r t i ca l ly , none h i t the lower cylinder. If stones are windblown, 
they h i t the lower cylinder. As shown in Fig. 24d, the upper platform 
intercepts a portion of any windblown stones that might s t r ike the cylinder so 
that the ve r t i ca l angle of the stones can be determined. The azimuth angles 
of the stones are determined by the placement of the stone dents on the cylinder. 
The dents on the s tool shown in Fig. 24b indicated that the hailstones came 
primarily from the north, and the uppermost dent showed a ve r t i ca l angle of 
43 degrees. 
Another possible instrument for passive recording of hailstones that was 
developed in th i s project was a ' ha i lpan . ' It consisted of using various 
sized metal cooking pans f i l l ed with soft p l a s t i c materials . The hai ls tones 
would impregnate in th i s material leaving a ' tunnel ' imprint showing s i z e , depth 
(impact), and angle of f a l l . Thus, it was required tha t the material could 
not 'flow' to re -a t t a in a f l a t surface, would have to re ta in the same consistency 
under a variety of temperature and moisture conditions to give reproducible 
r e s u l t s , and must have a non-drying charac ter i s t ic so that i t s exposed surface 
would not harden. Several different p l a s t i c materials were evaluated and three 
were f ie ld tes ted for a year. The consistency necessary to furnish reproducible 
resu l t s in cold and warm weather conditions of the I l l i n o i s ha i l season was not 
found in these mater ia ls , and th i s design was discarded. If such a material 
could be found or developed, the hailpan would apparently furnish be t t e r 
hailstone measurements than the hailpad or ha i l s too l . 
Instrument Calibration. The cal ibrat ion of the various passive h a i l 
instruments, as well as the recording hailgages, was performed by dropping s t e e l 
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bal l s of varying diameters on the sensing areas . To determine the heights 
for dropping these ba l l s to simulate energy or momentum required calculation 
of the terminal veloci t ies of ha i l s tones . The formula employed was 
where P„ was the density of the hai ls tone (0.9 g/cm3), g was the acceleration 
due to gravi ty , d was the diameter of a s tone, PA was the density of a i r 
( typica l I l l i n o i s value is 1.547 x 10-3 g/cm3), and CD was the drag coefficient 
(a value of 0.6 was chosen). This equation was solved for hai ls tone sizes 
from 1/8 inch to 5 inches in diameter, and the terminal veloci t ies are shown 
in Table 15. Also shown are the calculated energy and momentum values for 
the stones and the resul t ing distances calculated for dropping s t e e l ba l l s to 
match the energy or momentum of a given size stone. 
The s t e e l ba l l s were then dropped on hailpads and hai l s tools to obtain 
re la ted dent sizes (for length, width, and depth) of the various stone (bal l ) 
sizes for use in estimating the hai ls tone s izes and energies for actual 
h a i l f a l l s . Drops were made ver t i ca l ly to match ve r t i ca l f a l l s , and by t i l t i n g 
the sensing areas to different angles and varying heights of f a l l , the 
elongated dents expected from stones blown by different wind speeds were 
simulated. In calculating stone diameters where the length and width of the 
dent differed, the narrowest measurement was used. This was based on the 
assumption that the longer dent dimension was a d is tor t ion of size resul t ing 
from a windblown stone and not a resu l t of an unusual stone shape. Such 
measurement assumptions w i l l tend to provide stone size values that are s l igh t 
underestimates. 
The formula developed for t rans la t ing dent size to stone diameter was 
where DS was the diameter of the hai ls tone and DD was the dent (on the fo i l ) 
diameter. The energy of each stone was then determined from a nomogram that 
had been constructed from the cal ibrat ion values (Table 15). 
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Table 15. Terminal veloci t ies of hailstones and cal ibrat ion 
distances for s t ee l b a l l s . 
Recording Hail Instruments 
After the nine c r i t e r i a for the recording hailgage design were delineated, 
several potent ia l designs were considered. Ideas on potent ia l instrumentation 
were sought from several other h a i l sc i en t i s t s and weather instrument experts . 
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The power and cost limitations set forth in our design criteria generally 
eliminated any recording devices involving the use of cameras or sonic sensing 
units. 
However, several possible techniques for developing a recording hailgage 
were considered. Among these were: 
1) A device operating on the principle of a b a l l i s t i c pendulum to 
measure h a i l momentum. 
2) A floating-platform device which would measure impact from hai l s tones . 
3) An acoustic technique using a microphone as a sensor. However, 
investigation revealed that such a device was excellent for sensing 
frequency, but was not as good for determining energy in the range 
which fa l l ing hai ls tones possess. While a microphone type of 
transducer is not very sat isfactory for energy measurement, it has 
good capabili ty as a sensor for obtaining a count of the number 
of stones fa l l ing on i t s area. A t o t a l of counts of stones on an 
area could be combined with the accumulated water from such stones 
to provide an average hai ls tone s i ze . 
4) Other types of transducer devices used to sense the impact of 
hai ls tones . Among those considered were s t r a in gages, p iezo-e lec t r ic 
c rys ta l s , and capacitors. Most of these require very s t ab l e , and 
in some cases expensive, power supplies , and a l l require e lect ronic 
recording equipment, a l l of which would make the unit cost rather 
high. The 'geophone' hailgage developed in South Dakota (Schleusener, 
1966) is a device of th is type. 
5) The developing technique of holography which might provide a device 
for determining size and shape of ha i l s tones . However, invest igat ion 
indicated a date at l ea s t several years in the future before th is 
is expected to be accomplished. Thus, the developmental expense would 
be subs tan t ia l . 
6) Refrigerated devices to col lect s tones. Inferences regarding f a l l 
energy or impulse might be drawn from samples of h a i l stored in the 
frozen condition and a record of associated winds. Some atmospheric 
sc i en t i s t s want to col lec t the fal len stones for study. Where a 
power supply is available to provide adequate re f r igera t ion , it 
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should be possible to collect fa l l ing ha i l s tones , separate them 
from associated prec ip i ta t ion , and store them in a freezer chest. 
The chest could be provided with a conveyor be l t so that the 
stones are stored in sequence according to the i r time of f a l l . 
7) A corner ref lec tor in to which would be transmitted radar signals 
that would be al tered by h a i l . The South Dakota School of 
Mining and Technology has conducted feas ib i l i ty studies on th i s 
impact or energy measuring system. Hail impact w i l l d i s t o r t the 
ref lec tor and modify i t s r e f l ec t iv i ty charac te r i s t ics . In 
June 1966 the system was operating in the laboratory, but d i f f i cu l t i e s 
were encountered with 'ground c l u t t e r ' when it was tested in the 
f ie ld . 
8) Devices to do mechanical sort ing of ha i l s tones . Buma (1966) 
developed a simple rainwater and h a i l sort ing device. NCAR also 
worked on developing a mechanical sort ing device for ha i l s tones , 
so that shaking tables separate the stones into four size groups. 
The feas ib i l i ty of a mechanical system using pressure-sensi t ive 
switches to count the passage of various sized stones was studied. 
However, since available switches cannot be tripped by the 
light-weight stones of 1/8- to 1/4-inch diameter which are of great 
i n t e r e s t , the investigation was stopped. 
The f i r s t two techniques were considered suff icient ly applicable to develop 
and t e s t working models. Both instruments had low power requirements and were 
designed with the concept that a l l t he i r systems would be inactive over long 
periods u n t i l h a i l occurred. Thus, the essen t ia l components of each were 1) a 
s t a r t e r tr iggered by the f i r s t ha i l s tone , 2) a sensor and related l inkages, and 
3) a high-speed recorder. The principal problem facing both instruments based 
on mechanical principles was the wide range of momentum values (Table 15) tha t 
had to be sensed for measuring stones from 1/4 to 2 inches in diameter. 
Floating Platform Hailgage. The gage designed was c i rcu lar , 18 inches in 
diameter, and 32 inches high. The sensing platform was supported on small arms 
and was held in balance by a submerged f loa t . The i n i t i a l model was provided 
with a drum that recorded ver t i ca l depression of the platform as a r esu l t of a 
hailstone impact. Unfortunately, the response of the t e s t model was unsatisfactory 
for covering the wide range of energy desired, and further development was 
hal ted. 
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B a l l i s t i c Pendulum Gage. The instrument based on the b a l l i s t i c pendulum 
pr inciple appeared to offer the best solution for measuring momentum of 
individual ha i l s tones . In the device designed, the hai ls tone is allowed to 
impinge on a horizontal mesh screen of s ta in less s t e e l . This horizontal 
platform (Fig. 25) is constrained to move only in a ve r t i ca l direction by 
l inear t rave l ba l l bearings. The platform is balanced by a pulley system and 
a counterbalance. The extent of t rave l of the platform is determined by the 
change in momentum of the impinging hailstone and the mass of the platform and 
counterbalance, and the restor ing force is produced by the restor ing cam and 
weight. The amount of t rave l is recorded by a lever arm on a cyl indr ical 
record. The deta i ls of the various design problems and solutions including 
the solution of the problems of measuring the wide range of momentum are 
presented elsewhere (Mueller and Changnon, 1968). 
Hai l fa l ls in I l l i n o i s seldom l a s t longer than 10 minutes, but on a given 
day at a point there is a poss ib i l i ty of two or three hailstorms. In order 
to preserve time accuracy as well as time resolut ion, it was decided to allow 
the drum to ro ta te three times in 10 minutes. This gives a chart speed of 
3.6 inches per minute which allows a time separation of the individual hailstones 
h i t t i n g the platform. 
The a r r iva l of the f i r s t hailstone t r i p s a sensi t ive switch which in 
turn s t a r t s a bat tery driven motor which s t a r t s the chart drum revolving. At 
the same time a bat tery operated e l e c t r i c clock is s ta r ted (Fig. 25). This 
clock runs un t i l servicing of the gage, usually weekly. The chart drum revolves 
three times during which h a i l can be recorded. The drum rota tes on a lead 
screw with a pitch of 0.25 inch per revolution. Thus, each revolution has a 
zero trace separated by 0.25 inch which allows eas ier resolution of the h a i l 
spike in time. On the th i rd revolution (10 minutes af ter s t a r t ) a micro-
switch is tripped which stops the drum rotat ion and primes a second control 
re lay. The f i r s t clock is allowed to continue running. 
If a second hailstorm occurs, i t s f i r s t hailstone t r i p s the s t a r t switch 
which s t a r t s the chart drum rota t ing for an additional three revolutions and 
also s t a r t s a second bat tery operated clock giving the time of s t a r t of the 
second storm. This operation can be repeated a th i rd time which allows three 
separate 10-minute sequences of h a i l to be recorded. At the end of the th i rd 
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Figure 25. Schematic of recording hailgage. 
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sequence the control turns off completely except for the clocks which run 
u n t i l the gage is serviced. 
Photographs of the hailgage are presented in Fig. 26. In Fig. 26a the 
gage without i t s cover is shown. The pencil arm hangs ver t ica l ly and swings 
along the chart wrapped around the horizontal cylinder. Leveling legs are 
attached to an angle-iron base used to attach to legs driven in to the ground. 
The fine steel-wire mesh sensing surface of 14-inch diameter and other 
components are ident i f iable in Fig. 26b. The gage as it appears when ready 
for f ie ld i n s t a l l a t i on appears in Fig. 26c. 
After completion of the laboratory ca l ib ra t ions , the gage was t e s t 
operated for 2 months near a recording raingage and aerovane wind recorder. 
This operation revealed that high r a in fa l l rates (up to 5 inches per hour) 
and strong wind gusts (62 mph) did not t r igger the device. Final proof that 
the developed hailgage would provide numbers that are r e a l i s t i c and meaningful 
indicators of crop damage must come from i t s operation alongside damaged crops. 
Therefore, the gage was f ie ld ins ta l l ed for h a i l data collection in 
August 1967 alongside other weather instruments within 15 feet of a hybrid corn 
f ie ld . The only hailstorm to occur after the gage was ins ta l l ed came on 
27 September 1967. 
The hailgage record of th is September storm (Fig. 27) indicated that 42 
hailstones f e l l between 0118:00 and 0125:11 CST. Two stones, numbered 33 and 
40, had diameters of 3/8 inch, eight stones had diameters between 1/4 and 3/8 
inch, and the remaining 32 stones had diameters of 1/4 inch. 
The t o t a l momentum value calculated for the 42 stones was 2.7 x 104 g cm/sec. 
A trained h a i l adjustor inspected the nearby corn crop and found a few shredded 
leaves. However, the damage was too s l igh t to produce any reduction in y ie ld 
because the crop was in i t s 'hard dough' stage when corn is not susceptible to 
damage. 
This indicated that the hailgage measured h a i l and apparently operated 
in a very sat isfactory manner. Unfortunately, the stage of crop growth and 
the general l igh t character of the h a i l f a l l did not r e su l t in data that could 
be used to compare damage with the measured momentum. 
The promise held by th is instrument and the need for f ie ld tes t ing near 
crops led to the preparation of a research proposal to the National Science 
Foundation. Funds were granted in April 196 8 for the construction of 15 more 
hailgages and f i e ld t e s t ing of these. These wi l l be f ie ld tes ted during the 
1969 h a i l season in I l l i n o i s . 
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a. Hailgage without cover with recording b. Hailgage with lower portion of cover in 
chart drum in the foreground. the background. 
c. Hailgage with outer cover in place. 
Access door is in the foreground. 
Figure 24. Non-recording hail instruments. 
Figure 27. Eailgage record for 27 September 1967. 
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Remote Means of Sensing Hail 
As a part of the study of surface h a i l instrumentation, means of remote 
sensing of h a i l from ae r i a l platforms were studied (Changnon, 196 8b). Aerial 
photography using infrared black and white film of hail-damaged crops was 
investigated. This technique was found to have many disadvantages, but the 
primary one is that meaningful photographs must be taken at an a l t i tude less 
than 500 feet above the crops which would involve great cost in data gathering 
and analysis . However, the poss ib i l i ty of using infrared (color) camouflage-
detection film to detect crop damage is considered suff icient ly good to warrant 
i t s invest igat ion. 
Another technique investigated was that involving airborne infrared 
radiometers to sense surface temperature differences between ha i l and no-hail 
areas. This needs to be investigated in depth, but our f ie ld experimentation 
indicated a rapid decay of the ' i c e ' effect ( less than 100 minutes in most 
instances) so that data collection must be quickly performed over the area 
behind a hailstorm. This necessi tates 1) a capabil i ty of detecting hailstorms 
in rea l time, and 2) good flying weather direct ly behind the storm, both of 
which are not promising in I l l i n o i s . Further, the ' i c e ' effect could not be 
detected if the ha i l f e l l through and lay beneath a plant canopy, and more 
importantly, these data do not provide a quanti tat ive measure of the crop-damage 
potent ia l of the h a i l . 
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PERSONNEL 
This sec t ion l i s t s the names of personnel who were involved in the 
ope ra t i ona l and/or research phases . The names are grouped below according to 
t h e i r major a rea o f r e s p o n s i b i l i t y and e f f o r t , bu t i t should be r e a l i z e d t h a t 
at var ious t imes most pe r sonne l a s s i s t e d in one or more of the o the r phases . 
This was p a r t i c u l a r l y t r ue in r ada r opera t ions and f i e l d s t u d i e s of h a i l s t o r m s . 
A t o t a l of 9 persons worked on a fu l l - t ime b a s i s e i t h e r during a l l or po r t i ons 
of t h i s 32-month h a i l p r o j e c t . Al l persons i d e n t i f i e d as f u l l - t i m e worked a t 
l e a s t 9 months on the h a i l p r o j e c t , and 5 were f u l l - t i m e for t h e p r o j e c t 
d u r a t i o n . Persons l i s t e d as working p a r t - t i m e and not as s tuden t s were f u l l - t i m e 
employees of the I l l i n o i s S t a t e Water Survey who spent p a r t of t h e i r time on 
the p r o j e c t a c t i v i t i e s . A t o t a l of 17 persons worked p a r t - t i m e inc lud ing 9 
s t u d e n t s . Three s t uden t s worked and underwent t r a i n i n g in me teo ro log ica l -
c l ima to log i ca l research for 18 or more months which involved f u l l - t i m e research 
during 1 or 2 summer seasons . Two of these s t uden t s were majoring in 
eng inee r ing , 1 in c l imato logy , 2 in mathematics, 2 in b u s i n e s s , and 2 in 
sc ience edua t ion . 
P ro j ec t Supervisor : Glenn E. Stout 
P r i n c i p a l I n v e s t i g a t o r : S tanley A. Changnon, J r . 
Hail-Climatology Studies 
Surface Ha i l Studies 
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Radar Studies 
Hail Instrument Studies 
a = Part-time 
b = Student 
This project was performed under the general supervision of William C. 
Ackermann, Chief of the I l l i no i s State Water Survey. Two of the previously-
l i s t ed persons, Donald W. Staggs and Dr. Paul T. Schickedanz, made s ignif icant 
contributions to th is project and without t he i r untiring efforts and s k i l l s , 
the project would not have succeeded. The efforts and knowledge of 
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Dr. Eugene A. Mueller, who designed the recording hailgage, were of great 
value. All others named are hereby recognized for the i r many contributions. 
Many operational periods required efforts beyond tha t normally expected, 
and most met th is challenge. 
Consultants to th is project were Dr. Fred C. Bates of St . Louis 
University, Boynton W. Beckwith of United Air Lines, and Professor Roscoe 
Braham of the University of Chicago. Their guidance and many useful 
suggestions are gratefully acknowledged. Dr. C. D. Tanner of the University 
of Wisconsin offered useful suggestions on the design of the recording 
hailgage. 
Kenneth E. Wilk of ESSA made several pert inent recommendations for the 
radar study. William L. Denmark of ESSA freely furnished Weather Bureau 
h i s t o r i c a l ha i l records, and Lars Christensen, MIC of the Springfield ESSA 
Weather Bureau Office, often supplied useful synoptic weather records. 
Phi l ip S. Brown, E. Ray Fosse, and other s taff members of the Crop-Hail 
Insurance Actuarial Association were extremely helpful in many ways. They 
furnished at no cost extensive h i s t o r i ca l h a i l insurance records for I l l i n o i s , 
arranged to have insurance companies send adjustor worksheets to us, and made 
excellent suggestions concerning various analyses of the h a i l data. 
Several State Water Survey s taff members made useful contributions to 
th i s project . Included in th is group is J. Loreena Ivens, who as ed i to r , 
aided by her meaningful review of th i s report and the other papers originating 
from th i s project . John Brother and William Motherway performed the excellent 
drafting required for a l l the many figures involved in t h i s report and the 
project papers. Marvin C. Clevenger, Machine Supervisor, helped supervise the 
various project ac t iv i t i e s re la t ing to the entry of ha i l data in punch cards. 
William Shipp aided by making several useful f ield surveys of damaging 
hailstorms. Rebecca Runge and Evelyn Leedy did the typing and prepared the 
f ina l manuscript. 
U. S. Air Force personnel at Chanute Air Force Base cooperated by arranging 
to furnish area ha i l forecasts in 196 8 and by supplying teletype weather data 
and other helpful information. 
Final ly , the services of the 1385 cooperative h a i l observers, who are too 
numerous to be l i s t ed here , are gratefully acknowledged. Their unpaid efforts 
helped make th i s project a success. 
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SCIENTIFIC PUBLICATIONS AND INFORMATION RELEASES 
Scientific Papers 
A total of 16 scientific papers resulted from the hail research of this 




Ti t le or Conference Author(s) 
Four s c i en t i f i c papers currently in progress r e l a t e to the research and 
resu l t s of th i s h a i l project . One deals with the hail-echo (CPS-9) climatology, 
another with determining r e f l e c t i v i t i e s from our surface ha i l data, a th i rd 
concerns the hai ls t reaks and t h e i r r a i n f a l l r e l a t i o n s , and the las t with the 
u t i l i z a t i on of crop-loss data and hai ls t reak data in designing and evaluating 
h a i l suppression pro jec ts . 
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Information for the Pub l i c and S c i e n t i f i c Community 
A primary aspect of a f i e l d p r o j e c t of t h i s type r e q u i r i n g f i e l d 
opera t ions and da ta is to achieve h a i l awareness and cooperat ion of the p u b l i c . 
A p a r t i c u l a r reason for p u b l i c news information concerning the p r o j e c t was to 
secure cooperat ive h a i l obse rve r s . 
To t h i s end, two r a t h e r lengthy s ta tewide news r e l e a s e s ( Ju ly 1966 and 
March 1967) and f ive r e g i o n a l news r e l e a s e s (May 1967, Ju ly 1967, May 1968, 
October 1968 and November 1968) were prepared . Another means of secur ing p u b l i c 
cooperat ion was to p r e sen t p r o j e c t information at p u b l i c ga ther ings and on TV 
and r ad io s t a t i o n s . These inc luded appearances on d i f f e r e n t t e l e v i s i o n 
programs, d i scuss ions on r a d i o programs, and t a l k s before var ious groups. 
These are i temized below. 
Topic Where-When Speaker 
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To maintain good re la t ions with our observers, l e t t e r s to them were 
prepared for mailing in the spring ( s t a r t of the ha i l season) and f a l l (end 
of the season) of 1967 and 1968. A t o t a l of 3800 l e t t e r s were mailed. These 
informed them of our plans and past r e s u l t s . Hailstorm maps, radar-scope 
photographs of hai ls torms, and tabular data were incorporated in these l e t t e r s . 
Act ivi t ies of th i s project were of suff icient i n t e re s t to generate 
a r t i c l e s in other publ icat ions. Among these were the following: 
Ti t le Publication General Subject 
Further project material was published in Hail Evaluation Techniques 
Project , the 1967 annual report to the National Science Foundation. Portions 
of the project resu l t s were presented in two reports to the Crop-Hail 
Insurance Actuarial Association since the i r funds were used to support portions 
of the surface ha i l s tud ies . These two reports are Summary of 1967 Hail 
Research in I l l i n o i s , CHIAA Research Report 39 (by Changnon) comprising 35 
pages; and Insurance-Related Hail Research in I l l i n o i s During 1968, CHIAA 
Research Report 40 (by Changnon) comprising 44 pages. 
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RESUME 
The aim of t h i s p r o j e c t was to provide c e r t a i n of the da ta and 
information needed fo r the proper planning of fu ture h a i l suppress ion e f f o r t s 
in I l l i n o i s and areas of s i m i l a r c l ima te . Cer ta in r e s u l t s are a l s o app l i cab le 
t o exper imentat ion i n o the r h a i l c l ima te s . 
This research p r o j e c t was composed of t h ree i n t e r r e l a t e d s t u d i e s i nc lud ing 
1) ana lys i s of h i s t o r i c a l - c l i m a t i c h a i l da ta with r e spec t to determining the 
type of da ta and design t h a t would furnish a conclusive answer in a minimum 
amount of time (Schickedanz et a l . , 1969); 2) c o l l e c t i o n and ana lys i s of sur face 
h a i l da ta not a v a i l a b l e in h i s t o r i c a l records to gain more knowledge of 
t e m p o r a l - s p a t i a l d i s t r i b u t i o n s o f h a i l , to study the r e l a t i o n s h i p of sur face 
h a i l s t r e a k s and r a i n f a l l , and to furnish des i red surface da ta for use in 
p o t e n t i a l h a i l suppress ion e f f o r t s ; and 3) the study and development of new 
techniques and ins t ruments for the de t ec t i on and measurement of h a i l a l o f t and 
a t the s u r f a c e . 
The most meaningful summary of the r e s u l t s would be t h e i r employment in 
de r iv ing an optimum ( b e s t ) design for a h a i l suppress ion experiment in I l l i n o i s , 
and t h i s i s the t o p i c of the s e c t i o n below. Needs for f u r t h e r h a i l informat ion 
and research are i n d i c a t e d by t h i s eva lua t ion of an optimum p r o j e c t des ign . 
The research recommendations are p resen ted in the f i n a l po r t ion of t h i s r e p o r t . 
Optimum Design for a Ha i l Suppression Experiment in I l l i n o i s 
The research on t h i s p r o j e c t has produced r e s u l t s to he lp answer the 
q u e s t i o n , "What would be the b e s t , or optimum, design for a meaningful h a i l 
suppress ion p r o j e c t i n I l l i n o i s ? " 
Design f a c t o r s considered for a h a i l suppress ion experiment here inc lude 
the s t a t i s t i c a l des ign , t he geographica l l o c a t i o n o f the study a r e a , s i z e o f 
the a rea , shape of the a r e a , type of surface h a i l da ta to be c o l l e c t e d , dens i ty 
of po in t o b s e r v a t i o n s , c o l l e c t i o n of a l l i e d weather d a t a , seeding c o n s i d e r a t i o n s , 
h a i l f o r e c a s t i n g methods, monitoring o f h a i l a l o f t , dura t ion o f the p r o j e c t , 
and methods for eva lua t i ng the r e s u l t s . 
Optimum design i s defined as consider ing a l l design f ac to r s t h a t r e l a t e 
to ob ta in ing a s t a t i s t i c a l l y s i g n i f i c a n t reduc t ion in h a i l in minimum time with 
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the reduction measured in the data most meaningful (prac t ica l ) to the publ ic . 
This definit ion admits that the experimental goal would be the reduction of 
h a i l damage to crops, as reflected in crop-hail insurance records for area of 
loss. 
Since reduction of h a i l damage to crops may not be the most meaningful 
goal or data for some s c i e n t i f i c evaluations, information that would re la te 
to the design of a suppression experiment oriented to other possibly more 
s c i e n t i f i c measures of h a i l is presented. These measures might include types 
of ha i l s tones , amount of h a i l , size of ha i l s tones , ha i l s t r eaks , and h a i l 
energy or momentum. An important reason for the choice of the insurance 
crop-hail area-of-loss data as the best for an optimum design is that for 
certain s t a t i s t i c a l designs they provide a signif icant measure of reduction 
in less time than would Weather Bureau h a i l data or individual hai ls t reak 
data. Another important value of the insurance data is that they are collected 
by independent agencies at no great expense to the experiment and with no 
bias in the r e s u l t s . 
The choice of insurance crop-loss data as the basic h a i l measurement to 
rea l ize the goal of an optimum I l l i n o i s experiment also brings with it certain 
r e s t r i c t i ons on other design factors (Changnon, 1968b). F i r s t , the shortes t 
time period of data separation is one day since only the data and not the time 
of loss is known. Hence, designs based on seeding of individual storms 
cannot be employed. Second, these data must come from areas with reasonably 
dense, 60% or more, insurance coverage, and th i s geographically l imits 
experimentation to such areas. It a lso means that the period of experimentation 
must extend from 1 May through 15 October, the crop season. 
Study of the h i s t o r i c a l h a i l data in I l l i n o i s (Schickedanz et a l . , 1969) 
provided information on several of the design fac tors . Results in th is report 
provide information on other fac to r s , and information needed on some of the 
design factors is not yet avai lable . Each factor of optimum design for an 
I l l i n o i s experiment is discussed below. 
S t a t i s t i c a l Design. The study of a l l potent ia l project s t a t i s t i c a l 
designs for the various types of surface h a i l data indicated tha t continuous 
seeding (on a l l po tent ia l h a i l days) in a single area (involving the sequential 
approach) with ha i l measured by the areal extent of crop damage would be the 
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single design best suited for measuring reduction (at any given level of 
significance) in a minimum amount of time. However, the optimum design from 
a combination of prac t ica l and sc i en t i f i c considerations is considered to be 
th i s same s ingle-area, daily seed, loss-area design but with some randomization 
in seeding days. It is recommended that 20% of the potent ia l h a i l days not 
be seeded. This would best be done randomly, or possibly by designating the 
non-seed days to be those with nocturnal storms. The l a t t e r would solve the 
problem wherein 21% of the I l l i n o i s h a i l occurs at night and nocturnal seeding 
is d i f f icu l t with present techniques, but it also may incorporate some b ia s . 
Use of the design involving a single area, the area-of-loss data, and seeding 
on 80% of the potent ia l ha i l days would mean that the average detection (with 
a conservative error level of beta = 0.3) would be 7 years for a 20% reduction 
in area of loss , 3 years for a 40% reduction, 2 years for a 60% reduction, and 
1 year for an 80% reduction. 
Geographical S i te . Areas of preference were based on the resu l t s which 
showed 1) where reductions could be detected f a s t e s t , and 2) where heavily 
insured areas existed. The preferred s i t e of an experiment in I l l i n o i s would 
be in the western port ion, and preferably somewhere inside the heavily-insured 
area defined by a l ine connecting Moline, Peoria, and Burlington. The second 
most favorable location would be in central I l l i n o i s and within a heavily-insured 
area defined by a l ine connecting Champaign, Decatur, and Peoria. Areas in 
the southern th i rd of the s ta te have too l i t t l e insurance coverage to provide 
the sampling density needed to describe loss . 
Areal Extent. The size of the experimental area for an optimum experiment 
using insurance area-of-loss data would be between 3000 and 4000 mi2. However, 
if po ten t ia l experiments are based on other forms of surface h a i l data , the 
s ize of the smallest area that could furnish meaningful ha i l measures becomes 
c r i t i c a l because of the high costs of surface instruments and data col lect ion. 
Analysis of the sizes and motions of hai ls t reaks suggested that the 
minimum-sized study area should consist of 300 mi2 and have the shape shown in 
Fig. 28a. This provides a 10- by 20-mile sampling area for 88% of a l l the 
hai ls t reak motions. A 20-mile length would allow measurement of 9 8% of a l l the 
hai ls t reaks beginning at the western edge of the area. Obviously, many of the 
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b. Design of optimum-si zed hail study area 
Figure 28. Shapes, sizes, and orientations of areas for hail 
suppression experiments. 
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area 's hai ls t reaks would not occur t o t a l l y within an area of th is small s i ze . 
For instance, the 1600-mi2 network enveloped 93% of the streaks affecting that 
area, whereas the 400-mi2 network furnished complete delineation of only 55% 
of i t s s t reaks . 
Area Shape. The crop-hail insurance data used in th i s project to analyze 
the effect of area size were available only on a county b a s i s , and the i r odd 
sizes did not permit a meaningful evaluation of the design shape for a 3000- to 
4000-mi2 study area. Previous resul ts on the average daily crop-loss patterns 
(Stout et a l . , 1959) indicated there were two damage swaths (areas) with 
preferred motions and orientat ions that were west-east , with lengths that were 
46 miles or more, widths of 6 miles, and north-south separations of 25 miles. 
These fac tors , used in conjunction with the optimum area size value, indicated 
the optimum study area should be rectangular (Fig. 28b) with a west-east 
orientat ion of the long ax is , a north-south dimension of 40 miles, and an 
east-west dimension of between 75 and 100 miles depending on whether the study 
area s ize is 3000 or 4000 mi2 . The shape and orientat ion recommended for the 
minimum-sized area, as based on the available hai ls t reak data, are shown in 
Fig. 2 8a. 
Type of Hail Data. The choice of the optimum s t a t i s t i c a l design included 
the select ion of area of crop damage from insurance records as the best 
meaningful data to derive an answer in a minimum time period. If daily loss 
values of dollars rather than area were used with the same (optimum) design, 
the time required for detection is generally increased by 50%. The most 
important type of actual h a i l data that could be col lected, in addition to the 
crop loss area, would be on h a i l f a l l momentum and/or energy, preferably measured 
by recording hailgages. 
Sampling Density. An adequate sampling to describe the area of crop loss 
requires insurance coverage for 60% or more of a study area. If point h a i l f a l l 
measurements are to be used, t he i r density should be at l eas t 1 per 3 mi2 with 
uniform spacing between points . 
Relevant Allied Data. Data on daily precipi ta t ion should be collected in 
the study area with a gage density of 1 per 10 mi2. Potent ia l side effects 
of h a i l suppression on r a in f a l l production must be monitored. Useful, but not 
e s sen t i a l , data would include wind speed and direction measured at many locations 
(a t l eas t 1 per 10 mi2) . 
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Seeding System. Decisions regarding optimization of a h a i l suppression 
experiment require consideration of the possible methods of seeding, deta i led 
knowledge of the hailstorm s t ruc tures , and information regarding various other 
h a i l conditions over a 4000-mi2 area. This study has provided some of the 
information needed to indicate which seeding systems might be best adapted for 
use in I l l i n o i s . 
The seeding system for the optimum project (seed 80% of a l l po ten t ia l 
h a i l days in the 1 May to 15 October period) must be capable of seeding from 
4 to 44 ha i l days per season, with an average of 25 days, in the optimum-sized 
area. The daily period of ha i l duration in the area averages 2.7 hours with 
daily durations ranging anywhere between 0.5 and 6.0 hours. At any one time 
in a h a i l period there are usually two individual rain cel ls (storms) producing 
h a i l with the poss ib i l i ty of there being nine at one time. A capabili ty for 
nocturnal seeding wi l l be necessary since 21% of a l l I l l i n o i s ha i l occurs during 
the night. Much of western and central I l l i n o i s is crossed by several major 
airways so that heavy a i rcraf t t r a f f i c would be a problem. Apparently, a 
ground-based seeding system would meet these area h a i l conditions and t he i r 
challenges b e t t e r and cheaper than an airborne system. 
However, the question of which system is most effective on I l l i n o i s 
hailstorms cannot be answered since there have been no ha i l suppression projects 
incorporating e i ther system in t h i s cl imatic area. Most resu l t s in other h a i l 
climates suggest that airborne seeding is more effect ive . Thus, before the 
optimum seeding system can be designated for an I l l i n o i s experiment, studies 
of the placement and location of updrafts in I l l i n o i s hailstorms must be 
conducted, and more defini t ive resu l t s of airborne and ground-level seeding 
projects must be gathered. 
Hail Forecasting. Damaging ha i l was found to occur with a wide variety of 
synoptic weather conditions. Standard h a i l forecasting techniques were not 
capable of forecasting 40% of the days of damaging h a i l in a 4000-mi2 area. 
Study of thunderstorm-hail day re la t ions in the r a in -ha i l networks revealed that 
68% of a l l days with thunderstorms produced h a i l . Therefore, the best 
recommendation currently available for forecasting of a l l potent ia l h a i l days 
in a 4000-mi2 area would be to consider any day with forecastable thunderstorms 
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as a potent ia l ha i l day. Thunderstorm forecasting for th is area is quite 
r e l i a b l e , and this scheme would produce incorrect ha i l forecasts only 30% of 
the time. 
Monitoring Hail Aloft. The monitoring of incipient hailstorms, a defini te 
requirement for any airborne seeding system for an optimum ha i l suppression 
projec t , can only be accomplished with a high-powered, narrow-beam, rapid-scan 
radar system incorporating s ignal processing and on-time computer analyses so 
that the data output is in rea l time for operational decisions. The evaluation 
of de tec tabi l i ty with rapid-scanning using a 3-cm radar is in progress, and 
to eliminate attenuation problems, th is I l l i n o i s research is ' s e l ec t i ve ' in 
analyzing only storms without intervening echoes. An operational radar system 
for a successful experiment should have a 10-cm wavelength to nul l i fy 
attenuation problems. A single 10-cm radar system capable of rapid-scanning 
of a 400-mi2 experimental area should be developed, t e s ted , and made available 
as an in tegral part in the design of an optimum ha i l suppression project . A 
second search-type radar also would be needed to monitor developing and exis t ing 
storm echoes beyond the study area. 
Duration of Experiment. The duration of operations of the optimum 
experiment in any given year should be from 1 May through 15 October. This 
incorporates the season when 96% of the crop-hail losses occur. 
The expected number of years of the experiment w i l l vary from 1 to 8 years 
if the reduction effected in amount of loss area is somewhere between 80 and 
20%. If a 10-% or lower reduction is produced, experimentation would have to 
extend for at leas t 15 years before a definit ive measure could be established. 
Various ha i l suppression projects in Russia, Canada, and Kenya have claimed 
reductions in the 40 to 70% range. These successes have been with mountain-bred 
hailstorms and may not be representative of the reductions that can be effected 
in the largely frontal-type hailstorms of I l l i n o i s . However, if reductions of 
these magnitudes can be produced in I l l i n o i s , the experiment w i l l need to 
pe r s i s t for only 3 years or l e s s . 
Evaluation of the Experimental Results . The recommended evaluation 
procedure is based on the fact that the optimum experiment wi l l be conducted 
in an area of I l l i n o i s which has been found to have a h i s t o r i c a l data ser ies 
tha t is random over time. This condition makes it possible to employ the 
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sequential analysis approach for the area of loss data (Schickedanz et a l . , 
1969). The optimum experimental plan is to seed 80% (randomly chosen) of the 
forecasted ha i l days. The cumulative area of loss , as based on the t o t a l 
damaged area on the seeded days of each year , is plot ted against the number 
of years from the s t a r t of the experiment. When the cumulative t o t a l f a l l s 
outside the 'band' formed by the rejection and acceptance l ines (as determined 
from sequential theory and the h i s to r i ca l d is t r ibut ion of h a i l loss from the 
study area) , the experiment is terminated. If the cumulative value fa l l s 
below the band, suppression has been achieved (accepted), but if the cumulative 
value fa l l s above the band, the seeding has had no suppressive effect 
( re jec ted) . Once the cumulative t o t a l indicates successful suppression, the 
percent reduction achieved is computed as the difference between the mean (for 
area of loss) calculated from the h i s t o r i ca l (unseeded) record and the mean 
calculated from the seeded sample period. 
In addition, the data from the non-seeded days would be used to check 
for trends in the data from the experimental period. If a trend is evident, 
the experiment should be continued for the number of years specified for a 
1-sample t e s t , but using the non-sequential analyt ica l approach (Schickedanz 
et a l . , 1969). A 1-sample t e s t would then be made with the h i s t o r i c a l record 
being the control . For such an important and expensive experiment the beta 
error (the r isk of not detecting the seeding effect if it ex is t s ) level should 
not be greater than 0.3 and the significance level should be 0.05. 
Re commendations 
Recommendations for future h a i l research have been ident i f ied largely by 
using the resu l t s from th i s project and those from pr ior research in developing 
the optimum design of a h a i l suppression experiment for I l l i n o i s . Certain of 
the recommendations have already been pa r t i a l l y real ized by subsequent on-going 
research e f for t s . 
1) A narrow-beam, high-powered 10-cm radar with rapid-scan 
capabi l i t ies should be developed and used to study the 
de tec tab i l i ty of h a i l a lof t . This radar system should have 
a s ignal processing unit with an on-line computer so that 
real-t ime data are available for u t i l i t y in an operational 
experiment. 
-95-
2) Airborne studies of hail-producing storms to detect cloud-base 
inflow areas and to measure inflow data should be pursued to 
develop an inflow climatology for the varying types of I l l i n o i s 
hailstorms. 
3) Development and tes t ing of surface h a i l instruments, and the other 
means of remote or ae r ia l sensing of h a i l , should be continued. 
4) The I l l i n o i s ha i l - r a in network should be kept in operation to 
col lect added data for needed studies of point-area sampling 
requirements, and to be an available s i t e for a future 
operational ha i l suppression experiment in I l l i n o i s . 
5) Study of the charac te r i s t i c s , par t icu lar ly the causes and the 
time-space dimensions, of major (widespread) damaging hailstorm 
s i tuat ions should be pursued. These few (5 to 10) storm 
systems every year cause 60 to 80% of the h a i l damage in I l l i n o i s 
and surrounding s t a t e s , and a successful program of suppression 
of Midwest hailstorms must incorporate successful forecasting, 
storm detection, and a seeding system capable of handling such 
widespread storm systems. 
The resul ts in th is report hopefully wi l l serve as recommendations for 
h a i l research elsewhere. A major recommendation for on-going or planned h a i l 
research programs in other climatic areas is to i n s t a l l and operate a r e l a t ive ly 
dense surface network comprising recording rain and ha i l gages. The value 
and applications of the data derived from such a network cannot be underestimated. 
A second major recommendation is to secure and study a l l available forms of 
h i s t o r i c a l ha i l data with respect to determining the best possible design of a 
suppression project . 
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